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ABSTRACT
DEVELOPMENTAL PATTERNS OF EEG AND ECG PHYSIOLOGICAL SIMILARITY
BETWEEN MOTHER AND CHILD
FEBRUARY 2022
CHRISTINA BERTRAND, B.A., WHEATON COLLEGE
M.S., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Kirby Deater-Deckard

Physiological indicators like heart rate (HR) and its variability (HRV) from ECG
(electrocardiograms), and frontal lobe alpha power asymmetry (AA) and frontoparietal
connectivity from EEG (electroencephalograms), can elucidate the role of the nervous system
and other visceral organs and their effects on behavioral measures of cognitive and emotional
self-regulation. Knowledge of the intergenerational transmission of cardiac and cerebral
physiology can provide insight as to the developmental patterns of the organization and
stabilization of these physiological processes in children and their mothers. The current study
addresses a key question: Is there a developmental shift from 3-9 years of age in the overall
pattern of EEG and ECG similarity between children and their mothers? The hypothesis was that
there would be increasing child-mother similarity with age. EEG and ECG physiology was
examined during a resting-state baseline period, during completion of cognitive tasks, and as
baseline-to-task changes in EEG AA and frontoparietal coherence, and ECG HR and HRV in
children and their mothers. A socioeconomically diverse longitudinal sample of 171 mothers
with their children at ages 3, 6, and 9 years completed questionnaires and laboratory visits.
Results indicated that there was some evidence to suggest the presence of mother-child
similarity. Twenty of the seventy-two estimated intraclass correlations were significant.

iii

Furthermore, of the 20 significant correlations overall, none were present at child age 3 years, 6
were significant at child age 6 years, and 14 were significant at child age 9 years. Thus, overall,
there was evidence that by age 6 years, child-mother similarity in physiological indicators of SR
had begun to emerge. Additionally, consistent with the study hypothesis, there was some
evidence of a pattern of increasing similarity for certain physiological indicators. Of the 72
estimated age-difference Fisher tests for increasing similarity, 17 were significant and in the
hypothesized direction. The greatest number were seen during the task condition for ages 6 and
9, and particularly for the frontoparietal EEG variables. Findings are interpreted in light of social
learning and behavioral genetics theories.
Keywords: heart rate (HR), heart rate variability (HRV), EEG alpha asymmetry, EEG
frontoparietal connectivity, self-regulation development, intergenerational transmission
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CHAPTER 1
INTRODUCTION
Throughout the early and middle childhood years, the central and peripheral nervous
systems of children develop quickly and become more integrated and stable. The integration of
these systems allows for gains in different areas, such as in one’s ability to self-regulate. This
integration and organization is critical for development, including whether one will exhibit
healthy and age-typical or maladaptive self-regulation (SR) of cognition, emotion, and behavior
that is a basis for success in life during that time and later (Montroy et al., 2016; Perry et al.,
2018). Some of the specific ways that age-typical and adaptive SR contributes to healthy
development are seen in areas like academic achievement (Lonigan, Allan, & Phillips, 2017;
Woodward, et al., 2017), fewer behavior problems (Woltering et al., 2016), and one’s ability to
successfully manage their own emotions and interpersonal relationships (Blair et al., 2015). SR
includes individual differences and developmental changes in central and peripheral nervous
system functioning that can be captured by physiological indicators. These individual and
developmental differences in SR tend to “run in families”, and can have lifelong implications.
The overarching goal of the current study was to address several major gaps in knowledge in this
field of research by conducting a longitudinal investigation of the intergenerational transmission
of physiological indicators of SR spanning early and middle childhood.
Overview
There is substantial literature based mostly on the early childhood years (i.e., preschoolaged children) that investigates measures of behavioral, physiological, and neuroimaging aspects
of SR separately (e.g., brain and heart activity) (Laborde et al., 2018b; Porges, 2007; Thayer &
Lane, 2009), but there are still major gaps. First, little research looks specifically at the changes
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that occur throughout middle childhood (e.g., school-age children ages 6-9), as most focus on SR
during infancy and early childhood. Second, there are gaps in knowledge about the covariation
between behavioral, neural, and physiological SR indicators in early and middle childhood, and
whether and how these connections develop and change between the ages of 3-6-9 years. Third,
little research has investigated the development of the intergenerational transmission of
physiological measures of SR, regarding the pattern of development that occurs as children get
older. There also is a lack of studies that specifically combine measures of both the head and the
heart—that is, cerebral and cardiac physiological indicators of reactivity and SR (e.g., frontal
lobe alpha power asymmetry (AA), frontoparietal coherence, heart rate (HR), and heart rate
variability (HRV)). Additional information might inform gaps in knowledge about what the
physiological indicators for effective SR are, such as HRV, and the factors that increase or
decrease them, as well as the influence of individual differences (Laborde et al., 2018).
The study of developmental patterns in intergenerational transmission is an important
topic for investigation because components of physiological functioning have been related to SR
capacity, such as executive functioning, that are transmitted across generations whereby parents’
strengths or deficits are also seen in the child (Brieant et al., 2017). Therefore, identifiable
patterns of physiological biomarkers between a mother and her child at multiple points in
development may help us to understand the nature of intergenerational transmission, individual
differences, and the development of SR. Though there has been research on topics like the
intergenerational transmission of processes including divorce, trauma, parenting, and childhood
maltreatment (Bridgett et al., 2017; Choi et al., 2019), less has examined mother-child dyads
specifically regarding the transmission of physiological biomarkers and SR (Bridgett et al.,
2015). As such, investigation of both cerebral (EEG) and cardiac (ECG) physiology will allow
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for a more integrated and comprehensive understanding of the developmental changes occurring
across childhood, and if there may be any indication of intergenerational transmission of
physiological components of SR. The intergenerational transmission of SR is an interesting
domain to study because doing so can provide evidence that aspects are familial (and how
they’re transmitted), which can inform other research (e.g., psychopathology or internalizing and
externalizing behaviors), as well as intervention (Jester et al., 2009). If the intergenerational
transmission of SR is better understood, then interventions may have generational benefits
(Madden at el., 2015), and predictions can be made about which children might present with
more adaptive or maladaptive development.
The present study seeks to address these gaps by examining EEG and ECG data collected
from children ages 3, 6, and 9 years, and their mothers when the children were 8 years old on
average, to better understand the developmental shift in similarity between the child and mother
across early and middle childhood. With regard to the literature review that follows, the concept
of self-regulation will first be defined, with emphasis on cognitive regulation, prefrontal cortex
(PFC) functioning, and frontoparietal connectivity. Second, the existing literature on the
development of SR across early and middle childhood will be presented. Third, the literature
regarding the intergenerational transmission of SR (and its underlying cardiac and cerebral
physiology indicators) will be presented. Fourth, to clarify the physiological processes being
investigated in the current study, EEG alpha power asymmetry and frontoparietal coherence will
be described, followed by cardiac vagal functioning based on ECG. This fourth section will
describe the literature on cerebral and cardiac functioning in relation to SR development, along
with identification of gaps in the literature that form the basis for the current study.
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Self-Regulation
Self-regulation (SR) is a widely studied topic in child development and has been defined
in a variety of ways. Broadly defined, SR is one’s ability to flexibly regulate their cognition,
behavior, and emotion (Karoly, 1993). More specifically, it can be broken down into the
separate, but interacting behavioral and neurobiological components of “top-down” selfregulatory processes and “bottom-up” SR. “Top-down” SR is further distinguished as behavioral
and emotional SR, which reflects effortful control and executive functioning processes, while
“bottom-up” SR distinguishes as behavioral inhibition/fear and impulsivity, reflecting automatic,
reactive processes (Bridgett et al., 2015). SR occurs when there is a balance between the reward,
salience, and emotion regions (e.g., amygdala) of the brain with prefrontal regions associated
with self-control. However, when there is failure to engage the PFC, areas like the amygdala take
over, initiating bottom-up impulses and resulting in SR failure (Bridgett et al., 2015). When the
PFC functions properly, then down-regulation of the amygdala and other limbic areas occurs, or
top-down regulation, resulting in more control from the PFC and better SR (Heatherton &
Wagner, 2011).
Moreover, one way that SR is conceptualized is by referring to two components of SR –
emotion self-regulation (ER) and cognitive self-regulation (CR) (Nigg, 2017). CR is a process
that promotes overall SR. Often, CR is operationalized as executive function (EF) (Bridgett et
al., 2015), and refers to the higher-order mental processes one uses to guide their decisions and
behaviors to achieve goals (e.g., by planning, redirecting, and inhibiting prepotent responses)
(Miller & Wallis, 2009; Zeytinoglu et al., 2017). It is the “top-down” neurocognitive processes
that include the three focal executive functions of working memory/updating, inhibitory control,
and cognitive flexibility/shifting (Lin et al., 2019; Roebers, 2017). EF has also, more
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specifically, been organized into the two types of hot and cool EF, as each are thought to be
associated with different socioemotional and cognitive brain networks (Meuwissen & Zelazo,
2014; Leshem & Yefet, 2019; Tsermentseli & Poland, 2016).
Cool EF relies on activation of the central-executive network, and specifically the left
DLPFC; hot EF is associated with affective/reward-related processes that rely on both the default
mode network and the central-executive network, specifically the left DLPFC and right
orbitofrontal cortex (OFC), as well as subcortical regions including the amygdala and limbic
system (Nejati et al., 2018; Leshem & Yefet, 2019). Zelazo et al. (2005) describe hot EF as
instinctive, goal-directed and future-oriented processes that are activated by stimuli that produce
emotion, motivation, and equilibrium between immediate gratification and long-term reward.
Laboratory task examples of hot EF include those that involve affective decision-making and
delay of gratification (e.g., Gift Delay, Go/No-Go, and Tower of Hanoi tasks; Nejati et al., 2018;
Poland et al., 2016). Conversely, cool EF are deliberate, goal-directed and future-oriented
processes that are purely cognitive; the cognitive processes associated with cool EF are more
mechanistic and don’t involve much emotional arousal (Nejati et al., 2018). Cool EF includes
inhibition, working memory, and cognitive flexibility (e.g., Digit Span task, Luria Hand Game,
and the Dimensional Change Card Sort), and has been associated with later academic
achievement (Best & Miller, 2010; Nejati et al., 2018; Poland et al., 2016). Multiple studies have
indicated that cool and hot EF develop rapidly in children between the ages of 3 and 6 (Best &
Miller, 2010; Hongwanishkul et al., 2005; Hughes et al., 2010; Meuwissen & Zelazo, 2014).
Though EF is distinguished into hot and cool processes, there is question around whether
or not the two are functionally and structurally independent; findings from one study indicate
that they are functionally interconnected and that it is a spectrum of hot and cool components
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that relate to DLPFC functions, rather than independent constructs. In other words, there are at
least some aspects of EF that include both hot and cool components, such as risk-taking behavior
(Nejati et al., 2018). In another study looking at depression, Ahern et al. (2019) note that even
though hot and cool EF are presented as mostly distinct processes, the major depressive cycle is
maintained by the interaction of the two; in fact, they suggest that the two mutually influence
each other. For example, performance on cool cognitive tasks might be somewhat explained by
altered hot cognition produced by task feedback. Others also suggest that the distinction between
hot and cool EF may be arbitrary. Hongwanishkul et al. (2005) found that, in children ages 3-5,
the development of hot and cool EF did not significantly differ. Instead, both showed similar
levels of improvement after 3 years of age, which fails to support that they are separate
constructs with separate developmental trajectories. Similarly, Allan and Lonigan (2014)
conducted a confirmatory factor analysis and found that tasks measuring effortful control were
best explained by a single factor and not distinct hot and cool factors.
Conversely, results from a study conducted by Willoughby et al. (2011) showed that
preschool children’s performance on SR tasks was better explained by a two factor model
separating hot and cool processes than a single factor model. Moreover, Séguin et al. (2007)
posit that there are cool and hot decision-making processes, but that oftentimes, previous
research in developmental psychopathology has emphasized the cool pathway. They suggest that
the discrepancy is important, as both can be adaptive or maladaptive when taking action
depending on the situation one is presented with (i.e., cool processes may be beneficial to avoid
repeating a mistake, but a quick visceral response may be required if one is presented with
danger). Though EF has traditionally been viewed through a purely cognitive lens, more
recently, there’s been an interest in the role of emotion and motivation in EF. In a study
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examining the hot and cool aspects of inhibitory control, Leshem and Yefet (2019) found that
impulsivity was related to both hot and cool components of motor control, but that it was
associated with only cool components of attentional disinhibition.
The presented literature provides arguments for both a distinction between hot and cool
EF, as well as it being more of a spectrum with both hot and cool processes operating – each
process may inform a particular aspect of EF more than the other. With that, it’s improbable that
a task could be designed that is a pure measure of either, but tasks could emphasize one over the
other, and the joint effects could also be examined (Séguin et al., 2007). In their study, Séguin et
al. (2007) found that both cool and hot processes impacted participants’ decision-making
learning, such that the proportion of participants who made poor decisions dropped by over 45%
over the two assessments involving a card-playing, working memory, and personality measure of
neuroticism. The research indicates that there is not a clear distinction between the two, and that
the joint effects of hot and cool EF should be considered.
EF is usually assessed using questionnaires, laboratory and computerized tasks, or
neuropsychological assessments (Bridgett et al., 2015). Considering that developmental
improvements in SR are seen across early and middle childhood, and that a major component of
this development involves changes in neural functioning, it is important to investigate the
specific ways that these changes occur in the central and peripheral nervous systems. Most often,
magnetic resonance imaging (MRI) and electroencephalograph (EEG) are used to study
anatomical and functional changes in the brain, and ECG is used to examine functional changes
in the peripheral vagus nerve. It is often not possible to collect MRI data with young children
when they are awake due to their inability to remain still, and therefore there is limited relevant

7

brain imaging research in infancy through early childhood (e.g., Power et al., 2019; Thieba et al.,
2018).
Development of Self-Regulation in Early and Middle Childhood
Though the development of SR has been shown to extend into the emerging adulthood
years, most existing research has focused on the improvements that occur during early childhood
(3 to 5 years of age) (Montroy et al., 2016; Raffaelli et al., 2005). Kopp (1982) identified that SR
trends start in preschool, but continue onward potentially over the lifespan, as people must
continually use their cognitive processes like attentional strategies, planning, and distraction
tactics to identify and reach their goals. This implies that healthy SR development and
maintenance should be considered and nurtured across the lifespan, not solely in early childhood.
There are many different facets contributing to overall SR development that have been
emphasized in developmental research. Some of these include neurobiological, behavioral, and
emotional development, parental self-regulatory capacities, caregiving styles and behaviors,
interparental relationship functioning, rearing/home contexts, and broader environmental
influences like school and peers. Individual differences in performance of SR have been linked
to a variety of outcomes, including cognitive and socio-emotional adjustment or maladjustment
(Montroy et al., 2016; Perry et al., 2018; Woltering et al., 2016), academic achievement
(Lonigan et al., 2017; Woodward, et al., 2017), and differences in substance use, sexual
behavior, physical health, and psychopathology (Allan et al., 2016; Bloemen et al., 2018; Meil et
al., 2016; Reynolds et al., 2019).
As children grow and experience novel events and situations (e.g., school), their SR skills
are still being socialized by adults and caregivers, but the scaffolding changes as there are greater
expectations that they will regulate more independently. For example, if a child is unable to
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utilize their SR skills, then being exposed to a novel situation may leave them more likely to
become dysregulated and impaired in their environment, especially if they fail to engage
prefrontal control areas and favor bottom-up impulses (Heatherton & Wagner, 2011). Though
there are rapid gains in children’s ability to self-regulate between the ages of 3-5, likely linked to
the coordination of processes and the development of brain regions like the PFC (i.e., the fastest
period of PFC myelination is during the preschool years) (Deoni et al., 2015), there are unique
trajectories of neurophysiological integration and organization, with individual differences that
may have implications for child outcomes. Consequently, to understand SR development, it may
be helpful to consider a more encompassing time period (e.g., infancy, early childhood, middle
childhood, and beyond), as well as better comprehension of the intergenerational transmission of
SR across these time periods.
While there are fewer studies across middle childhood, some have shown that
developmental maturation of SR is a process that extends beyond the early childhood years. In a
longitudinal study conducted by Rafaelli et al. (2005), they found that there was an increase in
levels of SR through ages 8 and 9. Others acknowledge that much of the previous research
focuses on early infancy and preschool-aged children, but that aspects of SR, such as executive
functions, likely continue to develop across middle childhood—a viewpoint that is widely held in
the field (e.g., Buttelmann & Karbach, 2017; Engelhardt et al., 2019; Kopp, 1982; Lensing &
Elsner, 2018; Raffaelli et al., 2005). Thus, the current study will investigate developmental
patterns of SR, and more specifically EF, across early and middle childhood.
Intergenerational Transmission
The main goal of the proposed study is to examine patterns of intergenerational
transmission (i.e., from mother to child) of individual differences in physiological measures of
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SR. There is substantial literature that looks at intergenerational transmission between dyadic
relationships of various forms, such as married couples, parent-child relationships, siblings, and
peers in a broad range of topics including, but not limited to attachment, values, behavioral
patterns, trauma, marital aggression, and parenting styles (Cuevas et al., 2014; Deater-Deckard,
2014; Madden et al., 2015; Weaver et al., 2004; Yehuda & Lehrner, 2018). One area that has
also received attention and has relevance to the proposed study is the literature on the
intergenerational transmission of SR, and the idea that self-regulatory processes can be
transmitted across generations. Accordingly, parental SR strengths and weaknesses may emerge
in the child over development (Brieant et al., 2017). Specifically, it has been shown that familial
similarity in executive functioning increases as children grow across early childhood into middle
childhood (Deater-Deckard, 2014). Although most studies focus on younger children, a few
studies that examined executive function and effortful control in school-aged children yield
findings that are consistent with studies of younger children, showing associations between
parent and child behavioral SR (Bridgett et al., 2015). For example, Anokhin et al. (2006) and
Deater-Deckard (2016) found that there are both genetic and non-genetic factors that play a role
in the transmission of individual differences in EF passed on to children from their parents.
Additional studies have found relationships between parent and child executive
functioning. For example, Jester et al. (2009) found that parent executive functioning was
positively related to child executive functioning. Likewise, Cuevas et al. (2014) longitudinally
studied executive functioning in children and their mothers and reported a positive association
between mother and child executive functioning. Similarly, Bridgett et al. (2011) reported a
positive relationship between maternal effortful control and infant orienting/regulation and a
longitudinal positive relation with toddler effortful control. Comparably, Zeytinoglu et al. (2017)
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reported indirect relations between maternal effortful control and child executive functioning and
behavioral regulation through maternal emotional support. Based on the studies presented, it is
evident that parent executive functioning and top-down SR are associated with children’s
executive functioning and top-down SR.
Next, social learning theory and behavioral genetics findings are the two main areas of
research that will be discussed to explain how the intergenerational transmission of SR occurs.
First, social learning theory (Bandura, 1977) posits that children learn behaviors either through
the reinforcement they receive as a consequence of their behavior, or by observing and imitating
their most relevant role models. As such, parents can strongly influence children’s SR as they are
who children often spend the most time with across a variety of social contexts. Children will
learn from the feedback they receive from their parents as a result of their actions, and they will
observe and model the behavior exhibited by their parents. Therefore, factors such as the quality
of the parent-child relationship, the interparental relationship, parent socialization practices, and
parenting practices (i.e., reinforcement & responsiveness to children) can all influence individual
differences in the development of child SR (Bernier et al., 2012; DiStefano et al., 2018; Merz et
al., 2017).
However, social learning processes very likely operate in conjunction with genetic and
gene-environment transmission processes. Accordingly, Bronfenbrenner and Ceci (1994)
propose that socialization experiences can influence how genes function and affect development,
such that mother-child interactions can predict developmental outcomes and the expression of
genes. Even though a mother and a biological child share half of their genes’ alleles that are
identical by descent, the environment substantially impacts outcomes in children directly and in
transaction with genetic factors (Bronfenbrenner & Ceci, 1994). Behavioral genetics research
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examining twins and adoptees has indicated that moderate to substantial heritability accounts for
individual differences among preschool and school-aged children. In their review of the
literature, Bell and Deater-Deckard (2007) indicated that aspects of SR like attention span, task
persistence, and working memory, as well as dysregulated negative emotionality, all show
genetic and nongenetic sources of variance. The presented literature supports that both
socialization practices and genetics contribute to parent-child SR similarity. From both
perspectives, it is likely that a child will become more like the socializer they are around,
particularly if they are genetically related to them.
Much of the prior research examining intergenerational transmission of individual
differences has investigated child temperament, personality, and cognitive skills. Developmental
patterns of the transmission in cerebral and cardiac physiology measures of SR have less often
been studied. SR has physiological components that differ between people (i.e., resting
respiratory sinus arrythmia (RSA), HRV, vagal tone, and cognitive processing), and which aid in
the voluntary control of functioning of the central nervous system (CNS) and peripheral nervous
system (PNS). Neural proliferation and pruning of the CNS and PNS create physiological
structures that support emotional, cognitive, and behavioral SR (Kuhn et al., 2018). As many
brain changes occur across childhood, these physiological components of SR develop, and there
may also be developmental changes in the intergenerational transmission of these SR
components. Identifying patterns of this development in individuals may help inform to what
degree influences like genetics or social learning guide the process.
Brain Functioning (EEG) Indicators of SR
The proposed study will focus on midfrontal EEG alpha power asymmetry (AA) and
fronto-parietal correspondence because they have previously been identified as indices of
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individual differences in EF and regulation (Diaz & Bell, 2012). According to Pizzagalli (2007),
fluctuations in EEG measures at the scalp are believed to be produced by excitatory and
inhibitory post-synaptic potentials in the pyramidal neurons of the cortex; it allows for real time
study of brain function because it measures the electrical activity with millisecond temporal
resolution, enabling shifts in brain functioning to be tracked rapidly. That said, however, the
spatial resolution is not optimal for several reasons, including that there are practical limits on
the number of electrodes that can be utilized, and one electrode gathers information from groups
of neurons across a wide area, making it difficult to precisely identify the brain area where the
electrical activity is being detected.
Moreover, the EEG signal is spontaneous and made up of rhythmic activity fluctuating at
different frequencies, but it is also context-related, and therefore, EEG measured during rest is
quantitatively different than EEG produced during cognitive processing (Deater-Deckard & Bell,
2017). Power (measured in mean square microvolts) is a measure of the number of neurons firing
in synchrony in a given frequency band (Perone et al., 2018). In this study, EEG α power will be
used, which occurs from interactions between the thalamus and the cortex. There is evidence that
this rhythm cycles between 8 and 13 times per second in adults (Lindgren et al., 1999; Perone et
al., 2018). In children, there is a developmental increase in the frequency of the α rhythm, such
that at 3 months of age a precursor to the α rhythm is seen at 4 Hz, by 4 years of age it has
increased to 9 Hz, and there is an increase in speed through early and middle childhood, into
adolescence (Marshall et. al, 2002; Perone et al., 2018; Srinivasan, 1999). In order to estimate
power, quantitative processing of the EEG at different frequency bands is completed. When
confronted with challenging cognitive tasks, such as the EF ones used in the current study, a
decrease in α is typically seen (i.e., α reactivity) from baseline resting state to the cognitive

13

challenge, which is believed to be reflective of top-down cortical control of lower level
processing (Benedek et al. 2011; Deater-Deckard & Bell, 2017). The degree of increases in β and
θ, with a simultaneous decrease in α are indicative of applied effort and use of cognitive
resources to respond to a challenge; larger decreases in α power reflect effortful and engaged
processing (Deater-Deckard & Bell, 2017).
Alpha asymmetry can be defined as the difference between α activity in the left and right
hemispheres, measuring the absolute amplitude difference between homologous electrodes on
each hemisphere (Dziembowska et al., 2016). Asymmetries in frontal brain sites in the α band
are thought to be reflective of executive functions (Ambrosini & Vallesi, 2016). Dziembowska et
al. (2016) suggest that a decrease in frontal asymmetry may indicate decreased cortical arousal,
and Clark et al. (2004) reported that greater frontal α peak frequency predicted better
performance on a digit span working memory task. Similarly, left frontal asymmetry in early
childhood has been shown to predict better regulatory capabilities in later childhood (Davidson,
2004; Kim & Bell, 2006). Moreover, Ambrosini and Vallesi (2016) found that greater resting
state left-lateralized activity in various areas of the PFC was related to better inhibition of
irrelevant information during three behavioral task-switching paradigms that were used to
measure EF. Relatedly, Brzezicka et al. (2017) reported a positive correlation between frontal α
asymmetry and the ability to integrate information, such that greater right hemispheric α power,
as compared to the left hemisphere, predicted better information integration. Taken together,
these findings support a connection between frontal lobe α power asymmetry and EF.
Still, mid-frontal asymmetry is not only regulatory. Developmental patterns of resting
frontal brain activity also reflect approach- and avoidance-related motivation, and may be a
biological underpinning for temperamental shyness and sociability (Calkins et al., 1996;
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Howarth et al., 2016; Lahat et al., 2018; Leisman & Melillo, 2015; Poole et al., 2019). Prior
studies have indicated that greater left frontal activity predisposes one to a tendency to approach,
while greater relative right frontal brain activity underlies withdrawal and avoidance (Davidson,
1993; Fox, 1994; Poole et al., 2018; Reznik & Allen, 2018). In a longitudinal study examining 36 year olds, findings suggest that preschool-aged children that exhibited increasingly lower left
frontal activity over time also had low positive emotionality and high negative emotionality
(Goldstein et al., 2019). Gartstein et al. (2020) showed that resting baseline frontal EEG activity
can be viewed as part of a self-regulating system that is influenced by infant sex and
temperament. In their study, positive affectivity, negative emotionality, and regulatory
capacity/orienting were related to changes in frontal EEG power throughout early childhood.
Other studies also indicate the significance of frontal EEG asymmetry in young children, such
that individual differences in the tendency for left versus right frontal EEG asymmetry underlie
differences in approach/withdrawal tendencies, temperament, and behavioral problems (Diaz et
al., 2019; Liu et al., 2020; Wen et al., 2017; van Wijk et al., 2019).
Another brain network implicated in EF is the relationship between the prefrontal and
parietal cortex. The frontal-parietal (F-P) network may be specifically important for information
integration, which is an integral aspect of EF (Elton & Gao, 2014). The frontoparietal system has
been described as a control system comprising ‘flexible hubs’ that communicate with, and
modulate, other systems dispersed throughout the brain depending on the goal trying to be
attained (Cole et al., 2014). Schmidt et al. (2016) found that greater cortical thickness in the F-P
network predicted faster performance on a complex attention control factor, which is composed
of measures requiring response to a sequence of complex, quickly presented stimuli. Findings
support that the F-P network is involved in adaptive, online control. Marek and Dosenbach
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(2018) suggest that the frontoparietal network supports cognitive control and acts as a hub that
shares a large amount of connectivity with a variety of brain networks. For example, there is a
significant positive association between functional integration of the F-P network and overall
cognitive ability (Sheffield et al., 2015). Findings from another study indicate that there was
more of a shift in the brain-wide functional connectivity pattern of the F-P network than in other
brain networks during diverse task states, practiced and novel, again supporting that the F-P
network is involved in adapting to task demands and cognitive control (Cole et al., 2013).
Reineberg and Banich (2016) suggest that a nuance of EF is that it relies fairly generally on the
frontoparietal network across individuals and for a variety of tasks. It has also been shown that
the frontoparietal network increases in strength and flexibility throughout development, allowing
children to gain better cognitive control and EF skills over time (Cole et al., 2014; Sheffield et
al., 2017). The presented literature supports a need for more longitudinal examination of the
interplay of left and right frontal EEG activity and frontoparietal connectivity patterns for insight
to individual differences in SR and temperament.
Vagal Functioning (ECG) Indicators of SR
Next, to ensure more inclusive measurement of nervous system development and
functioning, cardiac activity measured using ECG is particularly useful. Thayer et al. (2009)
examined how individual differences in vagal function contribute to cognitive performance, and
found that vagal performance is linked to the functional capacity of brain regions like the PFC
that aid in adaptive and effective cognitive executive functioning. Vagal function is indexed by
heart rate variability (HRV). It has been shown that individuals with higher vagally mediated
HRV perform better on SR tasks, specifically involving working memory and inhibitory control
(Appelhans and Luecken, 2006). The vagus nerve is the tenth cranial nerve and plays a key role
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in the overall functioning of the body. It is a major nerve of the parasympathetic nervous system,
particularly with regard to slowing heart rate. It is itself a bidirectional system that allows neural
communication between brain structures and various organs like the heart (Porges et al., 1994).
More specifically, Porges et al. (1994) through his Polyvagal Theory posits that
regulation of cognition and emotion are related to two vagal systems that mammals developed
through evolution, each of which are programmed with different response strategies. The vagus
has a left and right branch, each with two source nuclei that have fibers originating either in the
dorsal motor nucleus or in the nucleus ambiguus. The right nucleus ambiguus contains the main
source for the branch of the right vagus that provides input to the sinoatrial node. Vagal
stimulation of the sinoatrial node slows heart rate, while vagal withdrawal shortens the time
between heart beats, with most rapid heart rate changes being mediated by the vagus. Vagal
output to the heart from one branch is expressed in respiratory sinus arrythmia, while
bradycardia is shown with output from the other branch (Porges, 2009). The Polyvagal Theory
further states that there are three developmental stages in the autonomic nervous system – each
are associated with subsystems: the social communication system, the mobilization system, and
the immobilization system – that are organized and respond to challenges in a phylogenetically
determined hierarchy. Higher, or phylogenetically newer, neural circuits inhibit lower,
phylogenetically older, ones. If an environment is perceived as safe, then growth and restoration
can occur through increased influence of myelinated vagal motor pathways on the sinoatrial
node, slowing the heart, inhibiting the fight or flight response, weakening the stress response of
the HPA axis, and reducing inflammation by modulating immune reactions. Further, with
evolution, nuclei in the brainstem that regulate myelinated vagus became integrated with nuclei
regulating muscles in the face and head, resulting in the bidirectional connection between social
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engagement behaviors and bodily states, or the social engagement system. Porges (2009)
indicates that the human nervous system evolved to survive in safe environments, as well as to
respond in order to survive in dangerous ones; it does so in a hierarchical fashion, using the
newest neural circuit first, and upon failure, recruiting the older ones in a sequential order to
provide safety.
This complex system of the brain and vagus nerve was further explicated by Thayer and
Lane’s Neurovisceral Integration Model, which is based on networks in the central nervous
system that contribute to behavior and regulation that modulate psychophysiological functioning
during cognition, emotion, attention, and physiological processes (Thayer & Lane, 2009). Their
theory builds on the work of French physiologist Claude Bernard and posits that the brain
networks involved in these processes may be one single network, the central autonomic network
(CAN), through which cognitive tasks involving response conflict induce autonomic changes and
activate the anterior cingulate cortex (ACC). They further posit that there are inhibitory pathways
from the PFC to subcortical areas like the amygdala, and from the amygdala to parasympathetic
and sympathetic neurons that control HR and HRV. Similar to Porges’ Polyvagal Theory, this
model proposes that the vagus nerve controls HRV to regulate physiological, affective, and
cognitive processes; low HRV is associated with poorer SR and overall functioning, while high
HRV allows an organism to flexibly adapt and respond to its changing environment. Thayer and
Lane suggest that this happens because HRV reflects the functioning of dynamic neural
structures that can reorganize in response to situational demands. Higher resting HRV is
associated with adaptive top-down and bottom-up cognitive processing, while lower resting
HRV is related to maladaptive bottom-up and compromised top-down cognitive response (Park
& Thayer, 2014). This view of the Neurovisceral Integration Model aligns with definitions of SR
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that describe it as a single overarching concept with various sub-components (Bell & DeaterDeckard, 2007; Bridgett et al., 2015).
Most recently, the Vagal Tank Theory (Laborde et al., 2018a) further builds on Polyvagal
and Neurovisceral Integration theories. In this theory the term cardiac vagal control (or cardiac
vagal activity) is used, which can be tracked through HRV, and is broken down into three R’s—
rest, reactivity, and recovery—to signify how the vagus nerve contributes to cardiac regulation
specifically, and SR more generally. This theory particularly builds on the Neurovisceral
Integration Model because of its emphasis on SR at the cognitive level, and states that cardiac
vagal control and SR are linked by a functional network between the heart and the PFC via the
vagus nerve. Laborde et al. use the metaphor of a vagal “tank” that can get depleted and restored;
cardiac vagal control is a marker of SR, such that the vagal tank gets depleted and replenished
with changes in cardiac vagal control, which reflect one’s self-regulatory abilities. Accordingly,
they hypothesize that one’s level of cardiac vagal control implies how efficiently one can
mobilize and use resources to self-regulate and return to a homeostatic baseline level. The vagal
tank represents vagal efferent fibers between the CAN and the sinoatrial node, and cardiac vagal
control (the output from the CAN) reflects adaptive or maladaptive SR mechanisms.
When considering the three R’s, resting is “baseline” vagal level, reactivity is the change
between baseline and an event (e.g., cognitive or stressor task), and recovery is the process of
restoration back to “rest”. Each one of these “Rs” (before, during, and after an arousing event)
contributes to SR and requires the continual role of cardiac vagal tone. Just like the Polyvagal
Theory and the Neurovisceral Integration Model, the Vagal Tank Theory predicts that higher
cardiac vagal control is associated with better SR and overall health of the organism, but the
links between the magnitude of reactivity and SR will vary depending on the level of task
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demands causing the arousal (e.g., some tasks require larger shifts in vagal control than others)
(Laborde et al., 2018). Regarding recovery, or one’s ability to return to resting levels or higher,
the faster the vagal tank is replenished, the more effective an individual can self-regulate. In sum,
to integrate all three of the R’s, a higher initial level of cardiac vagal control should allow for
more adaptive reactivity and recovery phases. Taken together, the Polyvagal Theory, the
Neurovisceral Integration Model, and the Vagal Tank Theory provide a comprehensive
understanding of the cardiovascular physiological processes involved in SR.
The Present Study
The present study examines whether there is a developmental shift from 3-9 years in the
overall pattern of EEG and ECG similarity between the child and mother. In support of the need
to examine both EEG and ECG indicators of SR, Hannesdottir et al. (2010) found that greater
left frontal asymmetry at 4.5 years of age was associated with better regulation skills in middle
childhood at 9 years. They also reported that HR/HRV data during a stress task, in which
children were asked to speak about themselves in front of a camera for 2 minutes, was
consistently related to frontal EEG asymmetries at 9 years of age. Children with right frontal
EEG asymmetry in early childhood showed higher HR and lower HRV when stressed, while
those with left frontal asymmetry in early childhood exhibited lower HR and higher HRV.
Therefore, this prior study suggests that measuring resting EEG and ECG during a baseline
resting-state condition, as well as during a stress provoking task, provides important information
about EEG and ECG patterns of typical SR development. This knowledge can inform gaps
regarding developmental patterns in the intergenerational transmission of cerebral and cardiac
physiological measures of SR, as well as in the general development of EEG and ECG, which
together influence child SR, and can predict optimal or suboptimal functioning.
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Thus, the current study examined developmental changes in frontal lobe alpha power
asymmetry, frontoparietal coherence, heart rate (HR), and heart rate variability (HRV) during a
baseline resting-state period, and, when data are available, during cognitive tasks and for
baseline-to-task changes. The precise tasks utilized in this study are used to assess EF, and
therefore, I focused on physiological indicators during a resting state and during completion of
EF tasks as my measures of SR. The main question driving the study was: are children becoming
more or less like their mothers from 3-9 years, in terms of their cerebral and cardiac physiology
indicators of SR? Based on review of the literature, I hypothesized that as children develop from
3 to 9 years, there will be an increase in child-mother similarity in all measured indicators of
physiology.
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Chapter 2
Method
Participants
Participating families were part of a longitudinal study (beginning in 2003) of cognitive
and social-emotional development that followed infants from 10 months of age to 9 years of age.
This study only uses the 3, 6, and 9 year old assessments, so sample size numbers are based on
those ages; participating families who had any physiological data for the mothers included 171
families. The biologically related mother-child dyads were recruited from a rural town in
Virginia and a small city in North Carolina. They were enrolled as part of three
socioeconomically diverse cohorts. Fifty-three percent of the child participants were male. Of the
mother-child dyads, 78% identified as White, 14% as African American, 4% as multi-racial, 1%
as Asian, and 3% as “other” or unreported. Maternal education varied widely. Of the mothers,
.6% had not completed high school, 3.7% were high school graduates, 14.8% had a 2-year
college degree or had completed some college, 21.9% had completed a 4-year degree, and 17.1%
completed an advanced graduate or professional degree.
Procedure
Participants were recruited using various advertisement methods including flyers,
commercial mailing lists, and email distributions. Each of the two different research locations
recruited half of the total sample. Identical protocols were used at both locations, and research
assistants were trained by the project’s Principal Investigator on proper administration of
protocol and behavior coding. The Virginia site coded all data, however, periodically, would also
watch DVD recordings from the North Carolina site to provide reliability coding for the EF
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behavioral data, and to ensure that protocol administration and coding were matching at each
location.
At each visit and each site, the IRB approved study was explained, informed consent was
obtained by the mother, and verbal assent was obtained from the child. IRB review and
compliance occurred at Virginia Tech (Blacksburg, VA); the UMass Amherst IRB determination
memo (exempt) is provided in the Appendix. Mothers completed a variety of questionnaires
about themselves, their child, and their home environment. At 3, 6, and 9 years of age children
completed a series of EF, cognitive, and self-regulatory tasks, and their physiological data was
collected at each visit. Mothers were assessed one time between the child’s 6 and 9 year
assessment, so this varied between families. At each time point of participation, children were
given a small toy for participation and mothers were given $20 compensation for participating in
the study.
EF Measures
A battery of tasks that were age appropriate at 3, 6, and 9 were administered that captured
the three core components of EF: working memory, set shifting, and inhibitory control. Although
the current study did not analyze EF task performance, the description of the tasks is included
because the current study focused on the physiology that was collected during task completion.
EF Measures, 3 Years. The Forward Digit Span task was used to assess working
memory (Garon, et al., 2008). This test is one of the oldest and most widely used
neuropsychological tests of working memory that has been a component of the Wechsler
Memory Scales (WMS) and Weschler intelligence scales for adults and children. Participants
were told a series of digits and were asked to repeat the sequence. Initially, children were
presented two digits. Then, to ensure understanding, two practice rounds were conducted before
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the task officially began. Children were then given two trials and had to correctly repeat at least
one of two before the span was lengthened by one digit. This continued until there were errors on
two consecutive trials of the same span (Blankenship et al., 2019). The highest correct sequence
achieved in a trial was used as the span score.
The Luria Hand Game was used as the measure of inhibitory control (Luria, Pribham, &
Homskaya, 1964). In this task, children were shown two different hand gestures (i.e., flat open
hand or fist) and instructed to do the opposite gesture made by the experimenter (e.g., if the
experimenter made a fist, the child would make a flat open hand back). Children performed
practice rounds to ensure they understood. Subsequently, they were given a total of 16 trials and
the proportion right was used for analyses. The Luria Hand Game is a well-known neurological
assessment that can be used across various languages and developmental abilities, including with
children who have autism spectrum disorder (Mitsuhashi et al., 2018).
EF Measures, 6 and 9 Years. Working memory was assessed using a Backwards Digit
Span task. This task is identical to the forward digit span task presented at age 4, except that
children are instructed to repeat the sequence of digits backwards rather than forwards. To ensure
understanding, children were given two practice trials of two digits before the task began.
Children were then given two trials and had to correctly repeat at least one of two before the span
was lengthened by one digit. This continued until there were errors on two consecutive trials of
the same span (Blankenship et al., 2019). The highest correct sequence achieved in a trial was
used. This test is one of the oldest and most widely used neuropsychological tests of working
memory that has been a component of the Wechsler Memory Scales (WMS) and Weschler
intelligence scales for adults and children.
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The Dimensional Change Card Sort (DCCS; Zelazo et al., 1996) was used to assess
shifting, or cognitive flexibility. During this task, children were coached to sort cards based on
color or shape. First, children sorted cards by one dimension (pre-switch, counterbalanced across
participants; and then were asked to switch and sort the remaining six cards by the other
dimension, or post-switch). If the child passed the post-switch condition then they were also
presented the borders condition where they sorted according to one dimension of a card with
borders (e.g., shape). For cards without borders, they sorted according to the other dimension
(e.g., color). The number of correct border responses indicated performance.
A computerized Stroop task was used to assess inhibitory control (Ruffman, et al., 2001).
There were three different conditions in the task: letters, numbers, and a combination of letters
and numbers. The mixed condition was the one of most interest, as it is considered to have the
most conflict. Children were asked to count either letters (“AAA” = 3) or numbers (“555”=3)
and to provide their responses on the keyboard. Children were allowed practice trials, followed
by 75 total task trials with 25 per condition. The proportion correct for the mixed condition
indicated performance and was the variable of interest. The Stroop task is a commonly used test
of inhibitory control.
EF Measures, Mother. A computerized color-word Stroop task was used to assess
inhibitory control. Mothers were asked to press the color-labeled key that matched the color
word. They received trials with color words in the same color ink (congruent) and trials with
color words in a different color ink (incongruent) (Stroop, 1935). Performance was the percent
accurate for a set of 20 words during a block of mixed congruent and incongruent trials.
Wisconsin Card Sorting Test (WCST) was used as a measure of cognitive set-shifting.
Mothers were instructed to match a card (64 total) to one of four key cards (Heaton & PAR staff,
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2003). The images on the cards varied in color, quantity, and shape, and mothers were asked to
sort the cards according to an undisclosed rule (e.g., by color) that they had to ascertain via
feedback. The sorting rules changed several times. The age-standardized percentile score
associated with conceptual level (i.e., consecutive correct responses occurring in runs of three or
more) was the measure of interest.
To test mothers’ problem solving abilities involving EF and prefrontal activation (Davis
& Keller, 1998), a computerized version of the Tower of Hanoi was used. Mothers were
instructed to move three disks of different sizes to a target peg in the same order using two rules:
only one disk can be moved each turn, and larger disks cannot be placed on smaller disks. Time
to completion (up to 60 seconds) was used as the score for the task. Those who did not finish
received a score of 60 seconds.
The Backwards Digit Span task was used to assess working memory. A researcher read a
random series of single-digit numbers to mothers who were instructed to repeat the sequence
aloud in the reverse order, and they received two-digit practice trials. Test trials started with two
different four-digit sequences, and digit span increased by a single digit until the participant
failed to provide a correct response to both trials at a given span. Performance was defined as the
highest digit span with a correct response.
EEG Recordings
Electroencephalogram (EEG) was collected for the child at each of the 3, 6, and 9 year
old visits, and once for the mother. The EEG cap was placed on the head and baseline/resting
EEG was collected for 1 minute. Following this, children and mothers were instructed to
complete the appropriate battery of tasks while EEG was being digitally recorded for later
coding. EEG recordings were gathered from 16 left and right scalp sites (frontal pole [Fp1, Fp2],
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medial frontal l [F3, F4], lateral frontal [F7, F8], central [C3, C4], temporal [T7, T8], parietal
[P3, P4, P7, P8], and occipital [O1, O2]). All electrodes were referenced to Cz during the
recordings. The recordings were obtained using a stretch cap (E1-series cap; ElectroCap Inc.,
Eaton, OH) with tin electrodes in the 10/20 system pattern. After the cap was placed on the
child’s head, a small amount of abrasive gel was placed into each recording site and the scalp
was gently rubbed. Conductive gel was added to the recording sites. A calibration signal of 10Hz, 50-lV peak-to-peak sine wave for each individual was acquired prior to recording each
participant. Once spectral analysis and computation of power at the 9-11 Hz frequency was
achieved for the calibration signal, the resulting power from the following spectral analysis of
the EEG were calibrated. Then EEG data for the mother and for the child were analyzed using
the James Long Company software. Data were artifact scored for eye and gross motor
movements, and any biasing data were removed from any following analyses. No artifact
correction procedures were used (Bernier et al., 2016). The analyses in this study focused on
EEG at the frontal and frontoparietal scalp locations, as these circuitries have been identified as
the brain regions of interest for executive functioning skills. Frontal lobe alpha power for each
electrode was calculated on the left and right hemispheres (i.e., frontal pole sites F3 and F4).
Resting state frontal alpha asymmetry was calculated by subtracting F3 from F4 alpha power,
which is standard practice for EEG alpha asymmetry data (Smith et al., 2016). Frontoparietal
coherence was calculated on the left and right hemispheres for electrode pairs F3-P7, F3-P3, F4P4, and F4-P8. Coherence between electrode sites within each hemisphere was computed using
an algorithm by Saltzberg et al. (1986).
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ECG Recordings
Electrocardiogram (ECG) was collected for the child at each of the 3, 6, and 9 year old
visits, and once for the mother. For the mothers, the participants applied their own ECG
electrodes per the instruction of research assistants. Resting ECG was collected for 2 minutes
(Task Force of the European Society of Cardiology, 1996), during which time the women were
asked to relax and remain as still as possible. ECG was then continuously assessed during all
cognitive tasks. For the children’s ECG collection, children were allowed some time to settle in
to the lab and get used to the researchers. Subsequently, two disposable ECG electrodes were
applied using modified lead II alignment (right collarbone and lower left rib; Stamm et al.,
1976). First, as children sat quietly and watched a Disney movie clip, baseline was recorded for 2
minutes. Mothers sat beside their child and were asked to not interact with their child during
baseline recording. This is a verified procedure used when measuring physiological baseline and
has been shown useful in quieting the child and minimizing their gross motor movements
(Cuevas et al, 2014; Morasch & Bell, 2012). For both mothers and children, using a SA
Instrumentation Bioamp from the James Long Company, the cardiac electrical activity was
amplified and bandpassed from 0.1 to 100 Hz. The acquisition computer monitor displayed the
QRS complex and was digitized at 512 samples per second. The raw data were stored for later
analyses.
ECG data were analyzed using the James Long Company IBI Analysis System software.
Onset times were collected for each detected R-wave and then the ECG signal was viewed on a
computer with tick marks representing the onset times of the IBI software detected R-waves.
Tick marks were inserted manually when R-waves were undetected or obscured. Movement
artifacts detected were eliminated from the analyses. Heart rate (HR) was calculated as beats per
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minute. The resulting edited R-wave was transformed using a discrete Fourier transform with a
16-second Hanning window and 50% overlap to time between heart beats, or heart period, and
spectral analysis was used to calculate RSA, or high frequency variability (HRV). To normalize
the distribution, the RSA data were transformed using natural log (Li et al., 2017). The frequency
band used was .24-1.04 Hz, as this has been identified as appropriate for children (Bar-Haim et
al., 2000). For the current analyses, the HR and HRV scores were used.
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Chapter 3
Results
Data Analysis
Data were checked for missingness, and distributions were checked for potential
skewness, kurtosis and outliers. Intraclass correlations, Fisher R-to-Z correlation difference tests,
and Hierarchical Linear Modeling (HLM) were used to examine if a developmental pattern of
mother-child similarity could be identified between children ages 3, 6, and 9 years and their
mothers, for HR, HRV (captured as HRSD and RSA), EEG alpha asymmetry, and frontoparietal
coherence. IBM SPSS statistics v23 was used to estimate intraclass correlations and the Mplus
software was used to run multivariate outcome models (Muthén and Muthén, 1998; IBM Corp.,
Armonk, NY). Listwise deletion based on all variables was applied as the SPSS default. Mplus
models corrected for missing data using full information maximum likelihood (FIML)
estimation, but mother physiology scores had to be available to be estimated as predictors (i.e.,
those families that were missing maternal physiological measures were excluded).
Descriptive statistics and bivariate correlations for composite variables used in analysis at
each age are presented in Tables 1-9. The sample size changed across the various stages of
analysis as such: at baseline, there were 171 families with data for the ECG variables and 169 for
the EEG variables; during the task and baseline-to-task change conditions there were 170
families with data for the ECG variables and 168 families with data for the EEG variables. All
variables showed some modest to moderate skewness (i.e., skewness statistics values range from
-0.75 – 1.39). There were 13 cases with outliers on one of the physiology variables. To obtain
the best measure of central tendency for each task, extreme values were transformed by semiWinsorization, a process by which outliers were replaced, not with the maximum and/or
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minimum values at the threshold (i.e., highest or lowest data point not considered to be an
outlier), but to a value 3 SDs away from the mean (Reifman & Garrett, 2010). Due to the number
of analyses being run, it’s possible to find a significant result by chance. To take a more
conservative approach to significance testing, two-tailed p-values (with an alpha of .05) were
used even though the study had a directional hypothesis (i.e., a positive sign to effects). This
doesn’t fully account for chance findings, and utilizing a Bonferonni correction would allow for
preservation of the type 1 error of the null hypothesis of all tested associations, as the test ensures
that the global null hypothesis of no association is rejected no more than the proportion α of the
time when the null is actually true (VanderWeele & Mathur, 2019). Though the Bonferonni
correction might allow for a stronger interpretation when results surpass this conservative
threshold, it is often noted that the correction can inflict a severe penalty, particularly when
sample sizes are small or when many tests are being conducted, thus resulting in a vastly
increased type II error rate (Cohen, 1988; Garamszegi, 2006). Therefore, this correction was not
used.
Analyses were run with gender excluded then included as a covariate; results did not
change, so findings are reported without this covariate. It was also determined that testing child
gender as a moderator of the hypothesized effects could not be done due to lack of adequate
statistical power given the sample sizes to test both child gender and child age as potential
moderators of the effects. The child’s age at the time of maternal assessment varied between
dyads and therefore was included as a covariate and also was tested as a moderator. This variable
was not a significant moderator in any of the analyses. When controlling for it as a covariate,
there were four analyses in which there was a significant association: during baseline for
midfrontal asymmetry at 3 years, during the baseline-to-task change condition at 3 years for both
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HR and frontoparietal coherence electrode pair F4P8, and during the baseline-to-task change
condition at 9 years for HR.
Intraclass Correlations. To quantify the magnitude of child-mother similarity, intraclass
correlations were estimated for the child and mother for HR, HRSD, RSA, EEG alpha
asymmetry, and frontoparietal coherence at baseline, during cognitive tasks, and for baseline to
task change. Analyses were conducted on each separate ICC to see if there was a repeated
pattern of developmental change for specific physiology indicator(s), as well as on an averaged
intraclass correlation of the variables within each age (for a total of 3 intraclass correlations). As
a preliminary test of the central hypothesis that mother-child similarity will increase with age
from 3 to 6 to 9 years, a z-score for each intraclass correlation was calculated with a Fisher Ztransformation and a Fisher R-to-Z t-test was used to determine if the intraclass correlations
estimated at each age were significantly different from each other.
Multivariate Outcomes Model. To test the developmental hypothesis more rigorously
while also addressing the multivariate structure of the data and study design, multivariate
outcomes models were run using MPlus, separately for HR, HRSD, RSA, EEG alpha
asymmetry, and frontoparietal coherence at baseline, during cognitive tasks, and for baseline to
task change. Multivariate outcomes models were used to estimate the child-specific timepoints –
the model allowed each child to have their own three timepoints with a change process (if
present) captured by the three means. Three intergenerational transmission effects (e.g.
correlation between child and mother) were estimated at different timepoints and a contrast in
model constraints was used to find out if the effects were significantly different from one
another. In this model, the mother’s physiology (measured only once) was a non-changing
construct and the assumption was made that it did not matter when in her child’s development it
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was measured. Therefore, the coefficients are estimates of a stable characteristic of mother’s
physiology predicting glimpses of a developmental pattern in her child. For this contrast, 3, 6,
and 9 year old dummy variables were created at level one, and the intercept variance was fixed to
zero at level 2, which dropped the shared intercept. This allowed for a within-child estimate of
each child’s 3, 6, and 9 year old physiology measures, and the estimation of the association with
mothers’ physiology at each timepoint as well.
The hierarchical (2-level) and mixed model equation forms of these multivariate models were:
Level-1 Model
ch(ild)PhysiologyIndicatorij = β1j*3y(ears)o(ld)ij + β2j*6yoij + β3j*9yoij + rij(FIXED=0)
Level-2 Model
β1j = γ10 + γ11*m(other)PhysiologyIndicatorj + u1j
β2j = γ20 + γ21*mPhysiologyIndicatorj + u2j
β3j = γ30 + γ31*mPhysiologyIndicatorj + u3
Mixed Form
chPhysiologyIndicatorij = γ10*3yoij + γ20*6yoij + γ30*9yoij + γ11*mPhysiologyIndicatorj*3yoij +
γ21*mPhysiologyIndicatorj*6yoij + γ31*mPhysiologyIndicatorj*9yoij + u1j + u2j + u3 +
rij(FIXED=0)
ECG Indicators Results
Intraclass Correlation and Fisher Test Analyses
Tables 1-3 show descriptive statistics, bivariate correlations, intraclass correlations, and
Fisher R to Z t-tests for all ECG physiology variables during baseline, task, and baseline to task
change conditions. First, I describe the associations between ECG indicators, followed by the
tests of the hypothesis regarding mother-child similarity in ECG indicators. Summaries of
significant intraclass correlations, and of the results for the hypothesized developmental increase
in child-mother similarity (Fisher R-to-Z t-tests), are provided in Figures 1 and 2.
Correlations between Physiology Indicators at Baseline. At baseline, HR at 3 years
was significantly negatively correlated with HRSD and RSA at 3 and 6 years, as well as RSA at
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9 years, and was positively correlated with HR at 6 and 9 years. HRSD at 3 years was
significantly and positively correlated with RSA at 3, 6, and 9 years, as well as HRSD at 6 and 9
years, and was significantly negatively correlated with HR at 6 and 9 years. RSA at 3 years was
significantly negatively correlated with HR at 6 and 9 years, and positively correlated with
HRSD and RSA at both 6 and 9 years. HR at 6 years was significantly and positively associated
with HR at 9 years, and negatively associated with HRSD at 6 years, and RSA at 6 and 9 years.
HRSD at 6 years was significantly and positively associated with RSA at 6 and 9 years and
HRSD at 9 years, as well as negatively associated with HR at 9 years. RSA at 6 years was
significantly and negatively associated with HR at 9 years, and positively associated with HRSD
and RSA at 9 years. HR at 9 years was significantly and negatively associated with HRSD and
RSA at 9 years, and positively associated with mother HR. HRSD at 9 years was significantly
and positively associated with RSA at 9 years. RSA at 9 years was significantly and positively
associated with mother RSA. Mother HR was significantly and negatively associated with
mother RSA. Mother HRSD was significantly and positively associated with mother RSA.
Correlations between Physiology Indicators during Tasks. For the task condition, HR
at 3 years was significantly and negatively associated with HRSD and RSA at 3 and 6 years, and
RSA at 9 years, as well as positively associated with HR at 6 and 9 years. HRSD at 3 years was
significantly and positively associated with RSA at 3, 6, and 9 years, and HRSD at 6 and 9 years,
as well as negatively associated with HR at 9 years. RSA at 3 years was significantly and
positively associated with RSA at 6 and 9 years, and negatively associated with HR at 9 years.
HR at 6 years was significantly and negatively associated with HRSD and RSA at 6 and 9 years.
HRSD at 6 years was significantly and positively associated with RSA at 6 and 9 years, and
HRSD at 9 years, as well as negatively associated with HR at 9 years. RSA at 6 years was
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significantly and negatively associated with HR at 9 years, and positively associated with HRSD
and RSA at 9 years. HR at 9 years was significantly and negatively associated with HRSD and
RSA at 9 years. HRSD at 9 years was significantly and positively associated with RSA at 9
years, and HRSD and RSA mother. There was a significant positive association between RSA at
9 years and mother. There was a significant negative association between mother HR and RSA,
and a significant positive association between mother HRSD and RSA.
Correlations between Physiology Indicators, Baseline to Task Change. For the
baseline to task change condition, HRSD at 3 years was significantly and positively associated
with RSA at 3 and 6 years. There was also a significant negative association between RSA at 3
years and HR at 6 years, as well as a positive association between RSA at 3 years and RSA at 6
years. HR at 6 years showed a significant and negative association with RSA at 6 years, and a
positive association with HR at 9 years. HRSD at 6 years was significantly and positively
correlated with RSA at 6 years and HRSD at 9 years. HR at 9 years was significantly, negatively
associated with RSA at 9 years and mother, as well as positively associated with mother HR.
There was also a significant positive relationship between HRSD and RSA at 9 years. Mother
HR was significantly and negatively associated with mother RSA, and mother HRSD was
significantly and positively associated with mother RSA.
Mother-Child Intraclass Correlations and Fisher R-to-Z tests. Turning to the key
analyses regarding evidence of mother-child similarity, intraclass correlations and Fisher R to Z
t-tests, most of the estimates in Tables 1-3 were nonsignificant. However, there were significant
differences for the intraclass correlations between child age 9 HR and RSA and mother during
baseline, child age 9 HR, HRSD, and RSA and mother during task, and child age 9 HR and
mother during baseline to task change. Additionally, there was a significant Fisher R-to-Z test
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between 3 and 9 years for RSA during the task condition, and significant differences during
baseline to task change for HR between 3 and 9 years and 6 and 9 years. A summary of
significant results for the child—mother intraclass correlations for all physiology variables is
presented in Figure 1, and a summary of the Fisher R-to-Z t-tests is presented in Figure 2.
Multivariate Outcomes Models
Turning next to the multivariate model results, note that summaries of significant
intraclass correlations, and of the results for the hypothesized developmental increase in child
mother similarity (Fisher R-to-Z t-tests), are provided in Figures 1 and 2. For these models, the
only results presented are those with significant correlation between child and mother at any of
the three ages (3, 6, and 9 years), as well as any significant Fisher tests.
Baseline RSA. There was not a significant association between mother RSA and child
RSA at 3 years, γ11 = -0.01, SE = 0.10, p = .962. There was not a significant association between
mother RSA and child RSA at 6 years, γ21 = 0.10, SE = 0.08, p = .215. There was a significant
association between mother RSA and child RSA at 9 years, γ31 = 0.16, SE = 0.08, p = .043. As
mother RSA goes up, child RSA increases, such that for every one unit increase in mother RSA,
there was an associated .16 increase in child RSA.
There was not a significant difference in mother-child similarity between ages 3 and 6
years, γ = 0.10, SE = 0.10, p = .311. There was a marginally significant difference in motherchild similarity between ages 3 and 9 years, γ = 0.17, SE = 0.10, p = .088. There was not a
significant difference in mother-child similarity between ages 6 and 9 years, γ = 0.06, SE = 0.07,
p = .376.
Baseline HR. There was not a significant association between mother HR and child HR
at 3 years, γ11 = 0.12, SE = 0.11, p = .262. There was not a significant association between

36

mother HR and child HR at 6 years, γ21 = 0.06, SE = 0.09, p = .466. There was a marginally
significant association between mother HR and child HR at 9 years, γ31 = 0.17, SE = 0.09, p =
.062. As mother HR increases, child HR increases, such that for every one unit increase in
mother HR, there is an associated .17 increase in child HR.
There was not a significant difference in mother-child similarity between ages 3 and 6
years, γ = -0.06, SE = 0.11, p = .579. There was not a significant difference in mother-child
similarity between ages 3 and 9 years, γ = 0.05, SE = 0.11, p = .648. The difference in motherchild similarity between ages 6 and 9 years was not significant, γ = 0.11, SE = 0.08, p = .187.
Task RSA. There was not a significant association between mother RSA and child RSA
at 3 years, γ11 = -0.12, SE = 0.22, p = .591. There was not a significant association between
mother RSA and child RSA at 6 years, γ21 = 0.12, SE = 0.09, p = .170. There was a significant
association between mother RSA and child RSA at 9 years, γ31 = 0.26, SE = 0.09, p = .003. As
mother RSA increases, child RSA increases, such that for every one unit increase in mother
RSA, there is an associated 0.26 increase in child RSA.
There was not a significant difference in mother-child similarity between ages 3 and 6
years, γ = 0.24, SE = 0.23, p = .297. There was a marginally significant difference in motherchild similarity between ages 3 and 9 years, γ = 0.39, SE = 0.23, p = .091. There was a
marginally significant difference in mother-child similarity between ages 6 and 9 years, γ = 0.15,
SE = 0.09, p = .089.
Task HRSD. There was not a significant association between mother HRSD and child
HRSD at 3 years, γ11 = 0.13, SE = 0.21, p = .547. There was not a significant association
between mother HRSD and child HRSD at 6 years, γ21 = 0.04, SE = 0.18, p = .836. There was a
significant association between mother HRSD and child HRSD at 9 years, γ31 = 0.34, SE = 0.15,
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p = .020. As mother HRSD increases, child HRSD increase, such that for every one unit increase
in mother HRSD, there is an associated 0.34 increase in child HRSD.
There was not a significant difference in mother-child similarity between ages 3 and 6
years, γ = -0.09, SE = 0.23, p = .697. There was not a significant difference in mother-child
similarity between ages 3 and 9 years, γ = 0.22, SE = 0.23, p = .346. There was a marginally
significant difference in mother-child similarity between ages 6 and 9 years, γ = 0.31, SE = 0.17,
p = .075.
Baseline—Task Change HR. There was not a significant association between mother
HR and child HR at 3 years, γ11 = -0.03, SE = 0.13, p = .822. There was not a significant
association between mother HR and child HR at 6 years, γ21 = -0.02, SE = 0.08, p = .754. There
was a significant association between mother HR and child HR at 9 years, γ31 = 0.37, SE = 0.09,
p = <.001. As mother HR increases, child HR increases, such that for every one increase in
mother HR, there is an associated 0.37 increase in child HR.
There was not a significant difference in mother-child similarity between ages 3 and 6
years, γ = 0.01, SE = 0.15, p = .966. There was a significant difference in mother-child similarity
between ages 3 and 9 years, γ = 0.40, SE = 0.17, p = .015. There was a significant difference in
mother-child similarity between ages 6 and 9 years, γ = 0.40, SE = 0.11, p = <.001.
EEG Indicators Results
Intraclass Correlation and Fisher Test Analyses
Recall that summaries of significant intraclass correlations and of the results for the
hypothesized developmental increase in child-mother similarity (Fisher R-to-Z t-tests) are
provided in Figures 1 and 2 respectively.
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Mid Frontal Asymmetry. Tables 4-6 show descriptive statistics, bivariate correlations,
intraclass correlations, and Fisher R-to-Z t-tests for all mid frontal asymmetry variables during
baseline, task, and baseline to task change conditions. Mid frontal asymmetry at 6 years was
significantly and positively associated with mid frontal asymmetry at 9 years and with mother.
During task condition, mid frontal asymmetry at 6 years was significantly and positively
associated with 9 years, and the baseline to task change condition showed no correlation between
the ages.
Regarding intraclass correlations and Fisher R-to-Z t-tests, none of the estimates were
significant, except that there was a significant difference between the child at age 6 and mother for
baseline and task conditions. Moreover, there were significant differences between 3 and 6 years
and 6 and 9 years when comparing the mother-child similarity scores between ages at baseline,
and between 6 and 9 for the task condition.
Frontoparietal Coherence. Tables 7-9 show descriptive statistics, bivariate correlations,
intraclass correlations, and Fisher R-to-Z t-tests for frontoparietal electrode pairs during baseline,
task, and baseline to task change conditions. At baseline, all of the electrode pairs were
significantly and positively correlated with one another at 3 years. F3P7 at 3 years was also
significantly and positively associated with all electrode pairs at 6 years, as well as F3P3 and F3P7
at 9 years. F3P3 at 3 years was significantly and positively associated with all electrode pairs at 6,
and F3P3 and F4P4 at 9 years. Electrode pair F4P4 at 3 years was significantly and positively
associated with all electrode pairs at 6, and F4P4 and F3P3 at 9 years. F4P8 at 3 years was
significantly and positively associated with F3P7, F4P4, and F4P8 at 6, and F3P7 at 9 years. All
of the electrode pairs were significantly and positively correlated with one another at 6 years.
Additionally, F3P7 at 6 years was significantly and positively associated with all electrode pairs
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at 9 years. Electrode pairs F3P3 and F4P4 at 6 years were significantly and positively associated
with F4P4, F4P8, and F3P3 at 9 years. F4P8 at 6 years was significantly and positively associated
with F3P7 and F4P8 at 9 years. All of the electrode pairs were significantly and positively
correlated with one another at 9 years. Moreover, F3P7 and F4P4 at 9 years were significantly and
positively associated with mother F3P3. All mother electrode pairs were significantly and
positively correlated with one another.
For the task condition, all of the electrode pairs were significantly and positively
correlated with one another at 3 years. F3P7 was significantly and positively correlated with
F4P8 at 6 years. There was also a significant and positive correlation between F4P4 at 3 years
and F3P3, F4P4, and F4P8 at 6 years. F4P8 at 3 years was significantly and positively correlated
with F4P4 and F4P8 at 6 years. All of the electrode pairs were significantly and positively
correlated with one another at 6 years. There was a significant, positive correlation between
F3P7 at 6 years and F3P7, F3P3, and F4P8 at 9 years, and F3P7 for mother. F3P3 at 6 years was
significantly and positively correlated with F3P3, F4P4, and F4P8 at 9 years, and mother F3P3
and F4P4. There was a significant and positive association between F4P4 at 6 years and all
electrode pairs at 9 years, and mother F3P3 and F4P4. F4P8 at 6 years was significantly and
positively correlated with F3P7 and F4P8 at 9 years, and mother F3P3 and F4P8 mother. All of
the electrode pairs were significantly and positively correlated with one another at 9 years. F3P7
at 9 years was also significantly and positively correlated with mother F3P7, F3P3, and F4P8.
Additionally, F3P3 at 9 years was significantly and positively associated with mother F3P7,
F3P3, and F4P4. There was a significant and positive association between F4P4 at 9 years and
mother F3P3, F4P4, and F4P8. Lastly, F4P8 at 9 was significantly and positively associated with
all mother electrode pairs. All mother electrode pairs were significantly and positively correlated.

40

Regarding the baseline to task change condition, all of the electrode pairs were
significantly and positively associated with one another at 3 years. In addition, there was a
significant, positive association between F3P3 at 3 years and F4P8 at 6 years, as well as F4P4 at
3 years with F3P3 and F4P4 at 6 years, and F4P8 at 3 years with F3P3 at 6 years. All of the
electrode pairs were significantly and positive correlated with one another at 6 years.
Additionally, F3P3 was significantly and positively associated with F4P4 at 9, and between F4P8
at 6 and 9 years. All of the electrode pairs were significantly and positively correlated with one
another at 9 years. Additionally, F3P7 at 9 was significantly and positively correlated with
mother F3P7 and F3P3. All mother electrode pairs were significantly and positively correlated.
Turning to intraclass correlations and Fisher R-to-Z t-tests, none of the estimates in tables
7-9 were significant, except the following: at baseline there were significant intraclass correlations
between the child at age 9 and mother for electrode pairs F3P7 and F3P3, for the task condition
between F3P7, F3P3, F4P4, and F4P8 at child ages 6 and 9 and mother, and for the baseline to
task change condition between F3P7 and F4P8 at child age 9 and mother. Additionally, when
comparing the mother-child similarity score between ages, there was a significant difference
between ages 6 and 9 for F3P7 at baseline. For the task condition there were significant differences
between ages 3 and 6 for F3P7 and F4P8, between ages 3 and 9 for F3P7, F3P3, F4P4, and F4P8,
and between ages 6 and 9 for F3P7, F3P3, F4P4, and F4P8.
Multivariate Outcomes Models
Recall that summaries of significant intraclass correlations and of the results for the
hypothesized developmental increase in child-mother similarity (Fisher R-to-Z t-tests) are
provided in Figures 1 and 2 respectively. Recall, also, that for these models, the only results
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presented are those with significant correlation between child and mother at any of the three ages
(3, 6, and 9 years), as well as any significant Fisher tests.
Baseline Midfrontal Asymmetry. There was not a significant association between
mother and child mid frontal asymmetry at 3 years, γ11 = -0.07, SE = 0.07, p = .269. There was a
significant association between mother and child mid frontal asymmetry at 6 years, γ21 = 0.15,
SE = 0.06, p = .009. As mother AA increases, child AA increases, such that for every one unit
change in mother AA, there is an associated 0.15 increase in child AA. There was not a
significant association between mother and child mid frontal asymmetry at 9 years, γ31 = 0.003,
SE = 0.06, p = 0.964.
There was a significant difference in mother-child similarity between ages 3 and 6 years,
γ = 0.22, SE = 0.08, p = .005. There was not a significant difference in mother-child similarity
between ages 3 and 9 years, γ = 0.08, SE = 0.08, p = .351. There was a marginally significant
difference in mother-child similarity between ages 6 and 9 years, γ = -0.15, SE = 0.08, p = .058.
Task Mid-frontal Asymmetry. There was not a significant association between mother
and child mid frontal asymmetry at 3 years, γ11 = 0.05, SE = 0.16, p = .749. There was a
marginally significant association between mother and child mid frontal asymmetry at 6 years,
γ21 = 0.15, SE = 0.09, p = .082. As mother AA increases, child AA increases, such that for every
one unit increase in mother AA, there is an associated 0.15 increase in child AA. There was not a
significant association between mother and child mid frontal asymmetry at 9 years, γ31 = -0.11,
SE = 0.08, p = .171.
There was not a significant difference in mother-child similarity between ages 3 and 6
years, γ = 0.10, SE = 0.18, p = .587. There was not a significant difference in mother-child
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similarity between ages 3 and 9 years, γ = -0.16, SE = 0.18, p = .369. There was a significant
difference in mother-child similarity between ages 6 and 9 years, γ = -0.25, SE = 0.10, p = .014.
Frontoparietal Coherence
Baseline F3P7. There was not a significant association between mother and child F3P7
electrode coherence at 3 years, γ11 = 0.01, SE = 0.08, p = .998. There was not a significant
association between mother and child F3P7 electrode coherence at 6 years, γ21 = -0.04, SE =
0.06, p = .555. There was a marginally significant association between mother and child F3P7
electrode coherence at 9 years, γ31 = 0.12, SE = 0.07, p = .066. As mother coherence increases,
child coherence increases, such that for every one unit increase in mother coherence, there is an
associated 0.12 increase in child coherence.
There was not a significant difference in mother-child similarity between ages 3 and 6
years, γ = -0.04, SE = 0.09, p = .681. There was not a significant difference in mother-child
similarity between ages 3 and 9 years, γ = 0.12, SE = 0.10, p = .229. There was a marginally
significant difference in mother-child similarity between ages 6 and 9 years, γ = 0.16, SE = 0.08,
p = .058.
Baseline F3P3. There was not a significant association between mother and child F3P3
electrode coherence at 3 years, γ11 = -0.01, SE = 0.09, p = .897. There was not a significant
association between mother and child F3P3 electrode coherence at 6 years, γ21 = 0.05, SE = 0.06,
p = .435. There was a marginally significant association between mother and child F3P3
electrode coherence at 9 years, γ31 = 0.11, SE = 0.06, p = .074. As mother coherence increases,
child coherence increases, such that for every one unit increase in mother coherence, there is an
associated 0.11 increase in child coherence.
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There was not a significant difference in mother-child similarity between ages 3 and 6
years, γ = 0.06, SE = 0.10, p = .539. There was not a significant difference in mother-child
similarity between ages 3 and 9 years, γ = 0.12, SE = 0.10, p = .203. There was not a significant
difference in mother-child similarity between ages 6 and 9 years, γ = 0.06, SE = 0.07, p = .414.
Task F3P3. There was not a significant association between mother and child F3P3
electrode coherence at 3 years, γ11 = 0.27, SE = 0.19, p = .163. There was a significant
association between mother and child F3P3 electrode coherence at 6 years, γ21 = 0.26, SE = 0.08,
p = .002. As mother coherence increases, child coherence increases, such that for every one unit
increase in mother coherence, there is an associated 0.26 increase in child coherence. There was
a significant association between mother and child F3P3 electrode coherence at 9 years, γ31 =
0.52, SE = 0.10, p = <.001. As mother coherence increases, child coherence increases, such that
for every one unit increase in mother coherence, there is an associated 0.52 increase in child
coherence.
There was not a significant difference in mother-child similarity between ages 3 and 6
years, γ = -0.01, SE = 0.20, p = .979. There was not a significant difference in mother-child
similarity between ages 3 and 9 years, γ = 0.25, SE = 0.21, p = .239. There was a significant
difference in mother-child similarity between ages 6 and 9 years, γ = 0.26, SE = 0.12, p = .027.
Task F3P7. There was not a significant association between mother and child F3P7
electrode coherence at 3 years, γ11 = -0.03, SE = 0.17, p = .864. There was a significant
association between mother and child F3P7 electrode coherence at 6 years, γ21 = 0.22, SE = 0.08,
p = .009. As mother coherence increases, child coherence increases, such that for every one unit
increase in mother coherence, there is an associated 0.22 increase in child coherence. There was
a significant association between mother and child F3P7 electrode coherence at 9 years, γ31 =
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0.40, SE = 0.08, p = <.001. As mother coherence increases, child coherence increases, such that
for every one unit increase in mother coherence, there is an associated 0.40 increase in child
coherence.
There was not a significant difference in mother-child similarity between ages 3 and 6
years, γ = 0.25, SE = 0.19, p = .185. There was a significant difference in mother-child similarity
between ages 3 and 9 years, γ = 0.43, SE = 0.17, p = .012. There was a marginally significant
difference in mother-child similarity between ages 6 and 9 years, γ = 0.18, SE = 0.10, p = .067.
Task F4P4. There was not a significant association between mother and child F4P4
electrode coherence at 3 years, γ11 = 0.17, SE = 0.19, p = .390. There was a significant
association between mother and child F4P4 electrode coherence at 6 years, γ21 = 0.24, SE = 0.09,
p = .005. As mother coherence increases, child coherence increases, such that for every one unit
increase in mother coherence, there is an associated 0.24 increase in child coherence. There was
a significant association between mother and child F4P4 electrode coherence at 9 years, γ31 =
0.53, SE = 0.09, p = <.001. As mother coherence increases, child coherence increases, such that
for every one unit increase in mother coherence, there is an associated 0.53 increase in child
coherence.
There was not a significant difference in mother-child similarity between ages 3 and 6
years, γ = 0.07, SE = 0.19, p = .698. There was a marginally significant difference in motherchild similarity between ages 3 and 9 years, γ = 0.36, SE = 0.21, p = .089. There was a
significant difference in mother-child similarity between ages 6 and 9 years, γ = 0.29, SE = 0.11,
p = .008.
Task F4P8. There was a significant association between mother and child F4P8 electrode
coherence at 3 years, γ11 = -0.35, SE = 0.17, p = .040. As mother coherence increases, child
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coherence increases, such that for every one unit increase in mother coherence, there is an
associated 0.24 increase in child coherence. There was a significant association between mother
and child F4P8 electrode coherence at 6 years, γ21 = 0.20, SE = 0.08, p = .017. As mother
coherence increases, child coherence increases, such that for every one unit increase in mother
coherence, there is an associated 0.20 increase in child coherence. There was a significant
association between mother and child F4P8 electrode coherence at 9 years, γ31 = 0.34, SE = 0.07,
p = <.001. As mother coherence increases, child coherence increases, such that for every one unit
increase in mother coherence, there is an associated 0.34 increase in child coherence.
There was a significant difference in mother-child similarity between ages 3 and 6 years,
γ = 0.55, SE = 0.17, p = .001. There was a significant difference in mother-child similarity
between ages 3 and 9 years, γ = 0.70, SE = 0.18, p = <.001. There was not a significant
difference in mother-child similarity between ages 6 and 9 years, γ = 0.15, SE = 0.09, p = .124.
Baseline—Task Change F3P7. There was not a significant association between mother
and child F3P7 electrode coherence at 3 years, γ11 = 0.11, SE = 0.14, p = .438. There was not a
significant association between mother and child F3P7 electrode coherence at 6 years, γ21 = 0.07,
SE = 0.06, p = .294. There was a significant association between mother and child F3P7
electrode coherence at 9 years, γ31 = 0.13, SE = 0.06, p = .046. As mother coherence increases,
child coherence increases, such that for every one unit increase in mother coherence, there is an
associated 0.13 increase in child coherence.
There was not a significant difference in mother-child similarity between ages 3 and 6
years, γ = -0.04, SE = 0.15, p = .787. There was not a significant difference in mother-child
similarity between ages 3 and 9 years, γ = 0.02, SE = 0.15, p = .883. There was not a significant
difference in mother-child similarity between ages 6 and 9 years, γ = 0.06, SE = 0.09, p = .485.
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Baseline—Task Change F4P8. There was a significant association between mother and
child F4P8 electrode coherence at 3 years, γ11 = -0.01, SE = 0.17, p = .936. As mother coherence
increases, child coherence decreases, such that for every one unit increase in mother coherence,
there is an associated 0.01 decrease in child coherence. There was a significant association
between mother and child F4P8 electrode coherence at 6 years, γ21 = 0.06, SE = 0.07, p = .436.
As mother coherence increases, child coherence increases, such that for every one unit increase
in mother coherence, there is an associated 0.06 increase in child coherence. There was a
marginally significant association between mother and child F4P8 electrode coherence at 9
years, γ31 = 0.11, SE = 0.06, p = .074. As mother coherence increases, child coherence increases,
such that for every one unit increase in mother coherence, there is an associated 0.11 increase in
child coherence.
There was not a significant difference in mother-child similarity between ages 3 and 6
years, γ = 0.07, SE = 0.17, p = .676. There was not a significant difference in mother-child
similarity between ages 3 and 9 years, γ = 0.12, SE = 0.18, p = .500. There was not a significant
difference in mother-child similarity between ages 6 and 9 years, γ = 0.05, SE = 0.08, p = .532.
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CHAPTER 4
DISCUSSION
The current study examined developmental patterns of the intergenerational transmission
of physiological indicators of SR. As far as we know, this study is one of only a few that did so
in mother-child dyads, as well as examined changes that occur in SR in the transitions from
preschool throughout middle childhood; covariation between behavioral, neural, and
physiological SR indicators in early and middle childhood; and that specifically combined
measures of both EEG and ECG indicators. There was an expectation of positive correlations
between child and mother in their similarity in physiological indicators of SR. As summarized in
Figure 1, there was some evidence to indicate the presence of mother-child similarity (i.e., a
significant, positive intraclass correlation). Twenty of the seventy-two estimated intraclass
correlations were significant. Furthermore, there was clear evidence that the likelihood of the
presence of a significant intraclass correlation increased with child age. Of the 20 significant
correlations overall, none were present at child age 3 years, 6 were significant at child age 6
years, and 14 were significant at child age 9 years. Thus, overall, there was evidence that by age
6 years, child-mother similarity in physiological indicators of SR had begun to emerge.
The presence of significant intraclass correlations can be explained by genetic and nongenetic factors that contribute to the similarity; SR is passed directly to children from their
parents through socialization and biological mechanisms, the explicit and nonexplicit behavioral
and emotional responses of both children and parents induce further reactions from one another,
and an individual’s ability to regulate also influences these reactions (Baker & Brooks-Gunn,
2020; Deater-Deckard, 2014; Shaw & Starr, 2019). Although children are better able to rely on
their own abilities to self-regulate as they get older, they continually learn from their
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environments (LaGasse et al., 2016). In a comprehensive and extensive analysis review, Bridgett
et al. (2015) present findings to support that parenting behavior and interparental relational
functioning are key social mechanisms in the intergenerational transmission of SR; parental SR
is critical for relational functioning between partners and with children. Additional research has
indicated that the quality of the parent-child relationship, the interparental relationship, parent
socialization practices, and parenting practices can all influence individual differences in the
development of child SR (Bernier et al., 2012; DiStefano et al., 2018; Merz et al., 2017).
Moreover, Bridgett et al. (2015) point to the importance of genetics in the
intergenerational transmission of SR, suggesting that there is behavioral genetic evidence for
familial similarity between and within generations in aspects of SR that is mediated by family
dynamics. It is explained that, overall, in the self-regulation intergenerational transmission
model, prenatal programming, postnatal contextual influences, and genetics all contribute to the
transmission of SR, and as such, it is important to consider both social and genetic influences.
The model describes that there are transactions through gene-environment interplay, epigenetic
processes, and feedback loops (e.g., stressful contexts can deplete parent SR, impacting
parenting, and thus child SR and dysregulation, which reciprocally depletes parent SR, further
perpetuating the intergenerational transmission of poor SR) that allow for contextual
mechanisms to affect children’s neurobiological mechanisms of SR. Bronfenbrenner and Ceci
(1994) also indicated that socialization experiences can influence how genes function and affect
development. Other additional studies have exhibited heritability of brain functioning using EEG
(Coan et al., 2003; Van Beijsterveldt et al., 1996), specifically alpha power, showing that about
half of the differences seen between people is due to genetic factors, while the other half is
attributable to unique environmental factors (Anokhin et al., 2006). The presented findings
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partially support Social Learning Theory, which suggests that children become more like the
socializers they spend more time with (Bandura, 1977), as well as indicate potential emerging
genetic influences on the intergenerational transmission process as a function of child age and
developmental status.
Turning to these potential developmental changes, the main study hypothesis was that
there would be increasing child-mother similarity with child age, also arising from social
learning and shared genetic factors, but that together lead to greater similarity over time within
genetically related parent-child dyads in families. Consistent with the study hypothesis, there was
some evidence of a pattern of increasing similarity for certain physiological indicators. As
summarized in Figure 2, 17 of the 72 estimated age-difference Fisher tests for increasing
similarity were significant and in the hypothesized direction. The greatest number of significant
intraclass correlations and Fisher R-to-Z t-tests were seen during the task condition for ages 6
and 9, and particularly for the frontoparietal EEG variables.
Across childhood and into adolescence, neural proliferation and pruning of synapses
occur and lead to brain changes resulting in SR capacities and skills that are more developed; the
increasing children’s skill resemble adult-like levels as they move through middle childhood and
into adolescence. In further support of this developmental pattern, studies have indicated that as
children age, their EF skills develop and increase in strength and efficiency. More specifically,
improvements in EF begin to be seen between the ages of 3 and 5, but the development continues
across childhood and adolescence. Furthermore, individual differences reach adult-like levels of
test-retest stability by late childhood, and intergenerational transmission within families can be
identified in middle to late childhood (Buttelmann & Karbach, 2017; Cuevas et al., 2014;
Engelhardt et al., 2019; Kopp, 1982; Lensing & Elsner, 2018; Raffaelli et al., 2005). Considering
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these findings, it was hypothesized that, with brain (and other organ) developmental changes
occurring for the children from 3 to 9 years, we would see evidence of increasing physiological
similarity in the child—mother dyads.
Results indicated that the developmental pattern was most evident for the EEG
frontoparietal coherence variables, which might be due to the location and role of these brain
regions. The frontoparietal network is highly integrated with other brain networks to support
better cognitive functioning. The regions of the frontoparietal network communicate with each
other, and with other brain areas, to exert top-down control and successfully perform tasks
(Marek & Dosenbach, 2018). For example, in one cross-sectional study examining resting state
connectivity, it was shown that the level of connectedness between frontoparietal regions and the
rest of the brain (even outside of the frontoparietal network) may regulate how much control
frontal regions have, thus impacting individual differences in aspects of EF (Reineberg &
Banich, 2016). In another cross-sectional study, resting state fMRI findings indicated that higher
common EF, a common factor of all EF tasks that represents the general ability to maintain a
task goal (Miyake & Friedman, 2012), was associated with intensity differences in the right
frontoparietal resting state network; individuals higher in EF more so recruited cerebellar regions
within a frontoparietal resting state network (Reineberg et al., 2015).
It has also been shown that the frontoparietal network increases in strength and flexibility
throughout childhood and adolescent development. Chai et al. (2017) used fMRI data to examine
the integration of cognitive systems and their change in expression over time. They found that
frontoparietal regions increase in flexibility with age and that the delayed development
represents a trade-off between cognitive control and creativity; though younger children can
exert cognitive control, they are generally more reactive as opposed to using proactive cognitive
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control, the latter of which allows them to update beliefs and integrate new information more
easily. Over time, with development of frontoparietal regions, children gain better cognitive
control and EF skills like impulse inhibition (Cole et al., 2014; Marek & Dosenbach, 2018;
Sheffield et al., 2017). Consequently, the pattern of increasing child-mother similarity should be
the strongest in older versus younger children, and particularly during cognitively demanding
task conditions, because younger children might become overwhelmed by the task demands, and
hence, give up putting forth cognitive effort so that their physiological state might return closer
to a resting-state baseline level. Further, a baseline rest period might introduce noise into the
measurement of physiology with younger children compared to older children, because it
requires a type of mental effort to relax and remain engaged with a relatively boring stimulus
(Byrd et al., 2015).
Moreover, it’s possible that variability in the EF tasks utilized in this study presented a
confound; the battery of tasks used at age 3 was different than the battery at ages 6 and 9, and the
6 and 9 battery was more similar to the battery used with mothers. Consequently, it’s plausible
that children at ages 6 and 9 showed more similarity to their mothers than when children were 3
because the tasks they completed were more similar to the tasks the mother completed. Perhaps
results would change if this methodological approach were considered and it was possible to
have children at each age and mothers complete all of the same tasks. Still, tasks may tap into
different constructs with 3-year-olds versus 6 versus 9, and there are age constraints to the tasks
that can be completed at early ages (e.g., 3-year-olds don’t have the ability to complete tasks that
6- and 9-year-olds can), so utilizing the same tasks across ages was not feasible in the current
study.
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Although there was some evidence to support the developmental hypothesis in the current
study, overall the effect sizes were relatively small, and most of the variables showed no
significant developmental pattern. Moreover, there was also one variable – mid frontal alpha
asymmetry – that showed significantly increasing similarity from ages 3 to 6, followed by
decreasing similarity from 6 to 9. Prior work has indicated that the heritable component of
variation between people becomes larger as children get older, take more control of their
experiences, and their unique combination of genes interact through geneXgene interactions or
epistasis effects that unfold over development (Deater-Deckard et al., 2005; Petrill & DeaterDeckard, 2004; Scarr & McCartney, 1983). Additionally, although there was evidence of
mother-child similarity overall, for most variables there was not a significant difference between
time points to support the hypothesized developmental increase in similarity with child age; this
could be due to there being no differences, or could be due to limitations to statistical power.
Upon visual inspection of the nonsignificant results, of the 72 Fisher tests conducted, 55 were
not significant, and of these, 40 showed the expected direction of a developmental increase in the
size of the intraclass correlation. That is, about 73% of the intraclass correlations did show the
expected direction of increase in size of correlation with age, but only a small subset of these
reached significance, suggesting that more power was needed. Additionally, the largest effect
size found at age 3 (for which no significant intraclass correlations were found across any
variable or task) was 0.13. Using G*Power 3.1 (Faul et al., 2009), power was .40 for this effect
size and sample size of 170, supporting the conclusion that the study was underpowered to detect
such small effects at age 3 years.
Intergenerational transmission is theorized to be due to the interplay of genetic and
environmental factors. For some, these gene-environment transactions might have distinct
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influence on their EF and SR skills compared to another genetically related family member.
Moreover, perhaps a child spends more time around one parent than the other, and so if more
time is spent around a father instead of a mother, it’s possible the child will become more similar
to the father, which wasn’t investigated in the current study. Also, unique, person-specific
environmental exposures are important to consider in future studies to further indicate the
individual differences and potential subgroups that exist in the intergenerational transmission of
the physiological indicators examined in this study. Evidence to support this idea is found in the
often substantial “nonshared environment” effect sizes for EF and SR skills and behaviors in
childhood and beyond (Bridgett et al., 2015; Deater-Deckard et al., 2005; Friedman et al., 2008).
In combination, these person-specific gene-environment transaction effects and nonshared
environmental influences might lead to lower levels of parent-child similarity in physiological
indicators of SR than would be expected based on simpler explanations emphasizing additive
genetic and social learning transmission mechanisms.
Strengths, Limitations, and Conclusions
There are limitations that should be considered in the current study. First, there is a
design issue that mothers’ physiology was only measured once at some time on or between the
child age 6 and 9 year visits, and there was variance in the child’s age at the time of this maternal
assessment. This was tested as a covariate and moderator in the current study and this had no
effect, but statistical power may have been limited for detecting any effects. With the current
design, we only had one timepoint estimate of the mother’s physiology, so we used the available
data to investigate if there was an interpretable, hypothesized developmental pattern. In the
future it would be interesting to further investigate if and how results would change if the mother
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was measured later, at multiple timepoints, or if the child was measured when they reached the
same age that their mother was measured.
Second, prior research has indicated that, utilizing composites (of behavioral performance
and of physiological activity) provides reliable constructs to capture variance between
individuals, but these composites might not capture systematic change and context/task
specificity of the various subcomponents of EF and SR. It’s important to consider this limitation
because there is sizable task-specific variance in measures of EF and SR, dependent in part upon
timing, domain of cognition and motor action, and the specific assessment methods used
(Deater-Deckard, 2014; Miyake & Friedman, 2012). Friedman et al. (2008) further explicated
this issue regarding the task condition, and identified a ‘task impurity’ problem—that it is
difficult to capture nonexecutive variance in complex executive function tasks (and, the same
concern may apply to physiological measures during such tasks). Hence, understanding any and
all variance and covariance/predictive effect size estimates can be complicated. The authors offer
utilizing a latent variable approach as a solution to target specific EF constructs, as this would
enable the influences on each task to be explored in ways that distinguish task-general versus
task-specific variation for any and all tasks (Friedman et al., 2008). The same logic may apply to
physiological measurements during specific tasks while they are being performed.
Third, a more diverse and representative sample would be beneficial, because it would
allow for the results to generalize to a broader population. Moreover, it’s possible that there are
some children who show a developmental pattern of increasing similarity to their parent as they
age, some a decreasing pattern, and some no particular pattern of similarity or dissimilarity. It
would be interesting to further explore these potential differences, as well as to include fathers;
many prior studies in the developmental literature focus only on mothers, yet others have shown
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that aspects of fathering (e.g., high levels of involvement in childcare and supportive and
sensitive quality of caregiving) are predictive of children’s adaptive behavioral and
socioemotional adjustment (Barker et al., 2017; Meuwissen & Carlson, 2018). Likewise,
qualities of fathering behavior have consistently been associated with having a significant role in
the development of children’s SR (Nurilla et al., 2018). Consequently, it would be important to
also investigate child—father similarity and intergenerational transmission of physiology and
behavior in future work.
Regarding strengths, the longitudinal nature of the study design for child physiology
variables allowed for the examination of a developmental pattern as the children grew across the
ages of 3, 6, and 9. Exploring if and how the pattern changes into adolescence and emerging
adulthood would be an interesting area of future study, as there may be a growth spurt in EF
abilities that occurs during adolescence. Moreover, the current study utilized resting, task, and
resting-to-task reactivity scores for each of the physiological indicators, an important
methodological consideration because prior work has shown that individual differences in these
indicators of SR are likely to be more or less predictable and predictive of meaningful outcomes
(i.e., have better reliability/validity) dependent upon the condition under which they are being
tested (Reineberg et al., 2015). Finally, this study investigated measures of both the brain and the
heart together, as well as electrical activity in two different brain regions – the prefrontal cortex
and frontoparietal network – both of which have been previously identified as regions that
contribute to one’s ability to regulate emotions, behaviors and thoughts (Diaz & Bell, 2012;
Reineberg & Banich, 2016).
In conclusion, the current study resulted in mixed evidence for both child-mother
similarity across all physiological indicators, as well as for the hypothesized developmental
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increase in the similarity as the child aged from 3 to 6 to 9 years old. The strongest evidence for
the hypothesis was seen for the EEG frontoparietal coherence variables, particularly during the
task condition, and at child ages 6 and 9 years. The evidence that was found provides support
that physiology may be similar amongst family members and transmitted across generations,
especially during certain developmental windows. As physiological indicators like those
examined in this study can be indicative of one’s ability to regulate, understanding patterns
within families may inform the SR functioning in families. Parent’s own SR can influence their
ability to deal with contextual stressors and to provide an environment in which a child can
develop healthy, adaptive SR skills. Moreover, a child’s own neurobiology (e.g., physiological
processes and unique brain or other organ functioning and structure) and nonshared experiences
can affect individual differences in their SR, and in turn influence their parent’s ability to
regulate and the parenting practices they employ. Consequently, genetic and social influences
must be considered in the intergenerational transmission of SR. Knowledge of parent SR can
allow for intervening when necessary to enhance parental SR and EF skills in order to provide
contexts that benefit children’s SR. Additionally, early identification of the children that may
develop poor SR skills (i.e., through a glimpse of parents SR capacity) could enable SR
strengthening for these children and perhaps disrupt the further passing of maladaptive SR. If EF
skills and SR more broadly are transmitted across generations, it could help to explain why
commonalities of adaptive or maladaptive outcomes are occurring in families and pervading.
Parent’s own healthy regulation and regulation of the home environment can help children’s
ability to regulate, providing improvements in outcomes that result from SR, which can then
influence the generations that follow.
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Table 1.
Descriptive Statistics, Bivariate Correlations, Intraclass Correlations, and Fisher R-to-Z t-tests for ECG Variables during Baseline
Baseline
1. HR 3yr
2. HRSD 3yr
3. RSA 3yr
4. HR 6yr
5. HRSD 6yr
6. RSA 6yr
7. HR 9yr
8. HRSD 9yr
9. RSA 9yr
10. HR Mom
11. HRSD Mom
12. RSA Mom
M
SD
Skew (SE)
Kurt (SE)

1
1.00
-.24**
-.58**
.52**
-.19*
-.34**
.51**
-.04
-.31**
.12
.01
.03
105.81
11.07
.33 (.17)
.04 (.34)

3yr
2

3

1.00
.51**
-.29**
.47**
.49**
-.32**
.40**
.46**
-.07
.11
.12
8.13
2.76
1.20 (.17)
1.93 (.34)

1.00
-.36**
.38**
.43**
-.41**
.334**
.52**
-.12
.02
.01
6.49
1.53
.83 (.24)
-.04 (.47)

4

1.00
-.37**
-.71**
.57**
-.13
-.39**
.06
-.09
-.03
88.37
10.36
.34 (.16)
-.26 (.32)

6yr
5

1.00
.83**
-.30**
.50**
.54**
-.05
.14
.14
7.95
2.73
.98 (.16)
1.34 (.32)

6

1.00
-.45**
.40**
.59**
-.08
.11
.11
7.21
1.25
-.37 (.16)
1.03 (.32)

7

9yr
8

9

10

Mom
11

12

1.00
-.18*
-.69**
.17*
-.06
-.07
84.08
10.65
.33 (.17)
.04 (.34)

1.00
.71**
-.03¥
.15
.13
7.27
2.50
.80 (.17)
.41 (.34)

1.00
-.14
.15
.19*¥
7.14
1.23
-.34 (.17)
.30 (.34)

1.00
.11
-.56**
73.13
9.49
.28 (.19)
.72 (.37)

1.00
.56**
3.66
1.50
1.01 (.19)
1.78 (.37)

1.00
5.94
1.29
-.49 (.19)
.66 (.37)

Note. HR = heart rate. HRSD = heart rate standard deviation. RSA = respiratory sinus arrythmia. **Indicates significance at the p <
.01 level and * at the p < .05 level for the variable correlations. ¥Indicates significant ICC child—mother.

58

Table 2.
Descriptive Statistics, Bivariate Correlations, Intraclass Correlations, and Fisher R-to-Z t-tests for ECG Variables during Task
Task
1. HR 3yr
2. HRSD 3yr
3. RSA 3yr
4. HR 6yr
5. HRSD 6yr
6. RSA 6yr
7. HR 9yr
8. HRSD 9yr
9. RSA 9yr
10. HR Mom
11. HRSD Mom
12. RSA Mom
M
SD
Skew (SE)
Kurt (SE)

1
1.00
-.41**
-.20*
.44**
-.26**
-.35**
.57**
-.01
-.36**
.11
-.05
-.09
110.99
10.54
.12 (.20)
-.20 (.39)

3yr
2

3

4

6yr
5

6

7

9yr
8

9

10

Mom
11

12

1.00
.28**
-.15
.40**
.32**
-.34**
.36**
.36**
.02
.05
.02
6.59
2.20
.78 (.20)
.40 (.39)

1.00
-.15
.18
.23*
-.33**
.21
.29*†
.09
-.04
-.06
6.79
2.05
.76 (.27)
1.66 (.34)

1.00
-.34**
-.71**
.58**
-.20**
-.40**
.07
-.05
-.04
91.47
9.93
.22 (.16)
-.46 (.32)

1.00
.81**
-.32**
.57**
.52**
-.03
.03
.07
8.01
2.57
1.20 (.16)
2.91 (.33)

1.00
-.44**
.46**
.57**
-.06
.05
.12
6.87
1.20
-.04 (.16)
.13 (.32)

1.00
-.32**
-.72**
.14¥
-.04
-.11
86.35
10.23
.40 (.17)
.48 (.35)

1.00
.76**
-.09
.21*¥
.24**
7.11
2.03
.71 (.17)
.82 (.35)

1.00
-.14
.15
.27**¥
6.83
1.17
-.23 (.17)
.06 (.35)

1.00
.11
-.49**
74.59
8.79
.12 (.19)
.96 (.37)

1.00
.65**
3.54
1.14
1.08 (.19)
2.59 (.37)

1.00
5.58
1.10
-.04 (.19)
.24 (.37)

Note. HR = heart rate. HRSD = heart rate standard deviation. RSA = respiratory sinus arrythmia. **Indicates significance at the p <
.01 level and * at the p < .05 level for the variable correlations. ¥Indicates significant ICC child—mother. †Indicates significant Fisher
R-to-Z t-test.
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Table 3.
Descriptive Statistics, Bivariate Correlations, Intraclass Correlations, and Fisher R-to-Z t-tests for ECG Variables during the
Baseline to Task Change Condition
BTC
1. HR 3yr
2. HRSD 3yr
3. RSA 3yr
4. HR 6yr
5. HRSD 6yr
6. RSA 6yr
7. HR 9yr
8. HRSD 9yr
9. RSA 9yr
10. HR Mom
11. HRSD Mom
12. RSA Mom
M
SD
Skew (SE)
Kurt (SE)

1
1.00
-.03
-.10
.16
.01
.02
-.15†
-.10
.05
-.01
-.11
.08
5.44
5.55
.02 (.20)
-.27 (.39)

3yr
2

3

4

6yr
5

6

7

9yr
8

9

10

Mom
11

12

1.00
.27**
-.07
.18
.21*
-.08
.13
.14
-.18
.02
.01
-1.41
2.53
-.75 (.20)
1.85 (.39)

1.00
-.24*
.16
.31**
.05
-.17
-.20
-.13
-.04
-.15
.42
1.77
1.38 (.24)
1.10 (.47)

1.00
-.22
-.58**
.16*†
.02
-.09
-.02
-.09
.01
3.12
4.09
.39 (.16)
.78 (.32)

1.00
.68**
.06
.18*
.09
-.10
.01
.07
.07
1.81
.12 (.16)
1.36 (.33)

1.00
-.01
.03
.12
-.08
-.01
.05
-.34
.69
.58 (.16)
2.26 (.32)

1.00
.05
-.55**
.33**¥
-.04
-.27**
2.31
4.76
-.01 (.17)
.25 (.35)

1.00
.49**
.07
.03
-.15
-.19
1.81
-.46 (.17)
.62 (.35)

1.00
-.12
.09
.05
-.33
.70
.55 (.17)
3.02 (.35)

1.00
.08
-.47**
1.35
4.26
.23 (.19)
.97 (.37)

1.00
.39**
-.09
1.17
-.50 (.19)
2.51 (.37)

1.00
-.35
.80
-.22 (.19)
.13 (.37)

Note. BTC = baseline to task change. HR = heart rate. HRSD = heart rate standard deviation. RSA = respiratory sinus arrythmia.
**Indicates significance at the p < .01 level and * at the p < .05 level for the variable correlations. ¥Indicates significant ICC child—
mother. †Indicates significant Fisher R-to-Z t-test.
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Table 4.
Descriptive Statistics, Bivariate Correlations, Intraclass Correlations, and Fisher R-to-Z t-tests for Mid-frontal Alpha Asymmetry
during Baseline

Baseline
1. AA 3yr
2. AA 6yr
3. AA 9yr
4. AA Mom
M
SD
Skew (SE)
Kurt (SE)

3yr
1
1.00
.15†
.15
-.07
.02
.18
.20 (.17)
1.32 (.34)

6yr

9yr

Mom

2

3

4

1.00
.16*†
.21**¥
-.01
.16
.21 (.16)
1.47 (.31)

1.00
.01
.01
.17
.12 (.17)
.93 (.34)

1.00
.07
.22
1.39 (.19)
4.36 (.37)

Note. AA = midfrontal alpha asymmetry. **Indicates significance at the p < .01 level and * at the p < .05 level for the variable
correlations. ¥Indicates significant ICC child—mother. †Indicates significant Fisher R-to-Z t-test.
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Table 5.
Descriptive Statistics, Bivariate Correlations, Intraclass Correlations and Fisher R-to-Z t-tests for Mid-frontal Alpha Asymmetry
during Task Condition

Task
1. AA 3yr
2. AA 6yr
3. AA 9yr
4. AA Mom
M
SD
Skew (SE)
Kurt (SE)

3yr
1
1.00
.17
.12
.02
.02
.25
.81 (.20)
1.85 (.40)

6yr

9yr

Mom

2

3

4

1.00
.17*†
.15¥
-.01
.17
.94 (.16)
4.38 (.32)

1.00
-.10
.01
.16
-.09 (.17)
2.08 (.34)

1.00
.05
.17
1.98 (.19)
8.63 (.37)

Note. AA = midfrontal alpha asymmetry. **Indicates significance at the p < .01 level and * at the p < .05 level for the variable
correlations. ¥Indicates significant ICC child—mother. †Indicates significant Fisher R-to-Z t-test.
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Table 6.
Descriptive Statistics, Bivariate Correlations, Intraclass Correlations and Fisher R-to-Z t-tests for Mid-frontal Alpha Asymmetry
during the Baseline to Task Change Condition

BTC
1. AA 3yr
2. AA 6yr
3. AA 9yr
4. AA Mom
M
SD
Skew (SE)
Kurt (SE)

3yr
1
1.00
-.13
.06
-.01
-.01
.22
.49 (.20)
1.07 (.40)

6yr

9yr

Mom

2

3

4

1.00
.07
.08
-.01
.14
.24 (.16)
1.37 (.32)

1.00
.04
-.01
.17
-.03 (.17)
.33 (.34)

1.00
-.01
.19
.48 (.19)
4.97 (.37)

Note. BTC = baseline to task change. AA = midfrontal alpha asymmetry. There were no significant results.
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Table 7.
Descriptive Statistics, Bivariate Correlations, Intraclass Correlations, and Fisher R-to-Z t-tests for Frontoparietal Coherence during
Baseline
3yr
Baseline

1

2

6yr
3

4

5

6

9yr
7

8

9

10

Mom
11

12

13

1. F3P7 3yr

1.00

2. F3P3 3yr

.48**

1.00

3. F4P4 3yr

.45**

.55**

1.00

4. F4P8 3yr

.59**

.47**

.66**

1.00

5. F3P7 6yr

.37**

.26**

.29**

.29**

1.00

6. F3P3 6yr

.19*

.23**

.29**

.19

.56**

1.00

7. F4P4 6yr

.19*

.30**

.42**

.18*

.41**

.63**

1.00

8. F4P8 6yr

.21**

.18*

.26**

.20*

.49**

.25**

.53**

1.00

9. F3P7 9yr

.19*

.10

.13

.20*

.22**†

.12

.05

.16*

1.00

10. F3P3 9yr

.19*

.30**

.26**

.12

.31**

.33**

.33**

.08

.51**

1.00

11. F4P4 9yr

.03

.22*

.24**

-.02

.22**

.37**

.42**

.12

.21**

.66**

1.00

12. F4P8 9yr

.05

.04

.10

.12

.23**

.17*

.21**

.40**

.51**

.23**

.41**

1.00

-.10

.15¥

.13

.19*

.10

1.00

13. F3P7 Mom

.02

.04

.09

.13

-.05

-.01

-.11

14

15

14. F3P3 Mom

.03

-.01

.08

.13

-.03

.06

.01

-.01

.17*

.15¥

.22**

.16

.77**

1.00

15. F4P4 Mom

-.04

-.04

-.01

-.01

-.06

.06

-.01

-.03

.07

.03

.09

.07

.48**

.58**

1.00

16. F4P8 Mom

16

-.04

-.08

-.10

-.07

-.05

-.06

-.10

-.03

.06

.02

.02

.05

.54**

.38**

.68**

1.00

M

.22

.21

.25

.23

.24

.22

.24

.23

.24

.25

.26

.24

.29

.22

.21

.27

SD

.09

.09

.09

.09

.07

.07

.07

.07

.07

.07

.07

.07

.08

.09

.09

.08

Skew (SE)

1.10 (.17)

.82 (.17)

.71 (.17)

1.04 (.17)

.53 (.16)

.58 (.16)

1.32 (.16)

.89 (.16)

.46 (.17)

.07 (.17)

.02 (.17)

.06 (.17)

.16 (.19)

.64 (.19)

.16 (.19)

-.04 (.19)

Kurt (SE)

3.29 (.35)

.83 (.35)

.59 (.35)

1.52 (.35)

2.88 (.32)

1.39 (.32)

3.01 (.32)

3.32 (.32)

.78 (.34)

-.32 (.34)

.06 (.34)

.37 (.34)

.30 (.37)

.54 (.37)

-.54 (.37)

.15 (.37)

Note. F3P7, F3P3, F4P4, & F4P8 = frontoparietal coherence. **Indicates significance at the p < .01 level and * at the p < .05 level for
the variable correlations. ¥Indicates significant ICC child—mother. †Indicates significant Fisher R-to-Z t-test.
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Table 8.
Descriptive Statistics, Bivariate Correlations, Intraclass Correlations, and Fisher R-to-Z t-tests for Frontoparietal Coherence during
Task Condition
3yr
Task

1

2

9yr
3

4

1. F3P7 3yr

1.00

2. F3P3 3yr

.44**

1.00

3. F4P4 3yr

.31**

.43**

1.00

4. F4P8 3yr

.40**

.40**

.62**

1.00

†

5

6yr
6

7

8

9

5. F3P7 6yr

.09

-.07

.06

.02

1.00

6. F3P3 6yr

.17

.14

.24*

.14

.47**

1.00

7. F4P4 6yr

.06

.14

.27**

.24*

.17*

.52**

1.00

.40**

.36**

.48**

1.00

.33**†

.12

.21**

.22**

1.00

8. F4P8 6yr

.22*

.09

.20*

.27**†

9. F3P7 9yr

.18†

.09

.01

-.03

†

†

10

Mom
11

12

13

10. F3P3 9yr

-.05

.15

.07

-.01

.17*

.28**

.33**

.07

.42**

1.00

11. F4P4 9yr

-.08

.17

.15†

-.06

.14

.32**

.36**†

.08

.26**

.71**

1.00

12. F4P8 9yr

.12

.08

.12

-.04†

.30**

.26**

.22**

.34**†

.50**

.31**

.47**

1.00

-.09

.20*¥

.13

.39**¥

.20*

.10

.25**

1.00

13. F3P7 Mom

-.01

.14

.05

.12

.10
¥

¥

14

15

14. F3P3 Mom

.05

.14

.11

.13

.11

.24**

.25**

.19*

.25**

.41**

.30**

.20*

.65**

1.00

15. F4P4 Mom

-.02

.13

.15

-.01

.08

.23**

.22**¥

.12

.08

.24**

.44**¥

.25**

.42**

.49**

1.00

16

.09

.07

.06

-.20

.16

.11

.13

.19*¥

.18*

.07

.30**

.38**¥

.47**

.32**

.63**

1.00

M

.26

.26

.29

.28

.24

.21

.24

.26

.25

.24

.27

.26

.28

.22

.24

.28

SD

.10

.10

.10

.10

.06

.06

.06

.06

.07

.07

.07

.07

.06

.06

.06

.06

Skew (SE)

.76 (.20)

.87 (.20)

.43 (.20)

.74 (.20)

.05 (.16)

.61 (.16)

.50 (.16)

.65 (.16)

.42 (.17)

.29 (.17)

.30 (.17)

.42 (.17)

.32 (.19)

.41 (.19)

.19 (.19)

.30 (.19)

Kurt (SE)

.92 (.40)

.54 (.40)

.18 (.40)

1.92 (.40)

.27 (.32)

1.51 (.32)

1.43 (.32)

1.75 (.32)

1.04 (.34)

-.23 (.34)

-.12 (.34)

.50 (.34)

-.05 (.37)

.42 (.37)

.12 (.37)

-.06 (.37)

16. F4P8 Mom

Note. F3P7, F3P3, F4P4, & F4P8 = frontoparietal coherence. **Indicates significance at the p < .01 level and * at the p < .05 level for
the variable correlations. ¥Indicates significant ICC child—mother. †Indicates significant Fisher R-to-Z t-test.

65

Table 9.
Descriptive Statistics, Bivariate Correlations, Intraclass Correlations, and Fisher R-to-Z t-tests for Frontoparietal Coherence during
the Baseline to Task Change Condition
3yr
BTC

1

2

3

6yr
4

5

6

9yr
7

8

9

10

11

12

13

1. F3P7 3yr

1.00

2. F3P3 3yr

.63**

1.00

3. F4P4 3yr

.35**

.53**

1.00

4. F4P8 3yr

.36**

.43**

.68**

1.00

5. F3P7 6yr

-.02

.10

.15

.12

1.00

6. F3P3 6yr

.11

.09

.25**

.23*

.50**

1.00

7. F4P4 6yr

.14

.21

.22*

.17

.19**

.37**

1.00

8. F4P8 6yr

.17

.24*

.18

.18

.27**

.19**

.57**

1.00

9. F3P7 9yr

-.07

-.07

-.07

-.06

.02

-.01

-.03

-.02

1.00

10. F3P3 9yr

-.10

.02

-.04

-.04

.07

.04

.02

.02

.62**

1.00

11. F4P4 9yr

-.06

.02

.05

-.09

.05

.17*

.11

.10

.26**

.35**

1.00

12. F4P8 9yr

-.17

-.03

-.12

-.20

.09

.04

.02

.23**

.18*

.14*

.56**

1.00

.13

.16

.01

1.00

Mom
14

15

13. F3P7 Mom

.09

.07

.04

.07

.08

-.03

-.07

.02

.17*¥

14. F3P3 Mom

.03

.05

.02

.12

.03

.01

-.02

-.01

.18*

.09

.11

-.02

.77**

1.00

15. F4P4 Mom

.04

.06

.14

.20

.04

.04

-.01

.04

.08

.01

.08

.04

.32**

.46**

1.00

16

.14

-.04

.02

.01

.06

-.08

-.11

.08

-.04

-.02

.13

.15¥

.32**

.27**

.63**

1.00

M

.06

.06

.04

.05

.01

-.01

.01

.03

.01

-.01

.01

.03

-.02

-.01

.03

.01

SD

.11

.11

.11

.11

.06

.06

.06

.06

.06

.06

.06

.06

.07

.09

.09

.08

Skew (SE)

.27 (.20)

.25 (.20)

.22 (.20)

.16 (.20)

-.08 (.16)

-.28 (.16)

-.11 (.16)

-.43 (.16)

.01 (.17)

.42 (.17)

.05 (.17)

.04 (.17)

.14 (.19)

-.27 (.19)

-.13 (.19)

.08 (.19)

Kurt (SE)

.85 (.40)

.58 (.40)

.15 (.40)

2.74 (.40)

.84 (.32)

.62 (.32)

.15 (.32)

1.81 (.32)

.41 (.34)

1.35 (.34)

1.10 (.34)

-.06 (.34)

.45 (.37)

.05 (.37)

.08 (.37)

.09 (.37)

16. F4P8 Mom

Note. BTC = baseline to task change. F3P7, F3P3, F4P4, & F4P8 = frontoparietal coherence. **Indicates significance at the p < .01
level and * at the p < .05 level for the variable correlations. ¥Indicates significant ICC child—mother. †Indicates significant Fisher Rto-Z t-test.
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Figure 1.
Child-Mother Intraclass Correlations for all Physiology Variables
Age 3
Baseline Task
HR
HRSD
RSA
AA
F3P7
F3P3
F4P4
F4P8

BTC

Age 6
Baseline Task

✓

Age 9
Baseline Task
✓
✓
✓
✓
✓

BTC

✓
✓
✓
✓
✓

✓
✓

✓
✓
✓
✓

BTC
✓

✓
✓

Note. BTC = baseline to task change. HR = heart rate. HRSD = heart rate standard deviation. RSA = respiratory sinus arrythmia. AA =
midfrontal alpha asymmetry. F3P7, F3P3, F4P4, & F4P8 = frontoparietal coherence. Checkmark indicates significant correlation. All
of the significant correlations were in the expected positive direction, i.e., mother-child similarity present.

67

Figure 2.
Fisher R-to-Z T-Tests Showing the Hypothesized Developmental Increase with Age
Ages 3-6
Baseline
HR
HRSD
RSA
AA
F3P7
F3P3
F4P4
F4P8

Task

BTC

Ages 3-9
Baseline

Task

BTC
✓

Ages 6-9
Baseline

Task

BTC
✓

✓
✓
✓
✓

✓
✓

✓
✓
✓
✓

✓
✓
✓
✓
✓

Note. BTC = baseline to task change. HR = heart rate. HRSD = heart rate standard deviation. RSA = respiratory sinus arrythmia. AA =
midfrontal alpha asymmetry. F3P7, F3P3, F4P4, & F4P8 = frontoparietal coherence. Checkmark indicates a significant developmental
increase in child-mother similarity. At baseline, AA showed a pattern of increasing similarity between ages 3-6 then decreased
between ages 6-9. During the task condition, AA showed a pattern of increasing similarity between ages 6-9. All other variables
showed patterns that were in the expected direction (i.e., increasing similarity).
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Variable Baseline

ICC

ICC Significance

AA_3—Mom

-.070

.76

AA_6—Mom

.199

.006

AA_9—Mom

.005

.48

HRSD_3—Mom

.092

.15

HRSD_6—Mom

.117

.07

HRSD_9—Mom

.129

.06

HR_3—Mom

.115

.10

HR_6—Mom

.064

.21

HR_9—Mom

.166

.02

RSA_3—Mom

.010

.46

RSA_6—Mom

.111

.08

RSA_9—Mom

.192

.01

F3P7_3—Mom

.023

.40

F3P3_3—Mom

-.008

.53

F4P4_3—Mom

-.011

.55

F4P8_3—Mom

-.074

.79

F3P7_6—Mom

-.050

.73

F3P3_6—Mom

.055

.25

F4P4_6—Mom

-.007

.53

F4P8_6—Mom

-.026

.63

F3P7_9—Mom

.148

.04

F3P3_9—Mom

.146

.04

F4P4_9—Mom

.086

.15

F4P8_9—Mom

.047

.29

Table A1. Intraclass correlations for baseline condition.
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BTC

ICC

ICC Significance

AA_3—Mom

-.003

.51

AA_6—Mom

.078

.16

AA_9—Mom

.036

.33

HRSD_3—Mom

.013

.45

HRSD_6—Mom

.007

.46

HRSD_9—Mom

.025

.38

HR_3—Mom

-.013

.55

HR_6—Mom

-.024

.62

HR_9—Mom

.328

<.001

RSA_3—Mom

-.126

.84

RSA_6—Mom

.046

.28

RSA_9—Mom

.053

.27

F3P7_3—Mom

.083

.22

F3P3_3—Mom

.052

.32

F4P4_3—Mom

.134

.11

F4P8_3—Mom

.003

.49

F3P7_6—Mom

.081

.16

F3P3_6—Mom

.009

.45

F4P4_6—Mom

-.007

.53

F4P8_6—Mom

.075

.18

F3P7_9—Mom

.161

.03

F3P3_9—Mom

.090

.14

F4P4_9—Mom

.075

.18

F4P8_9—Mom

.142

.04

Table A2. Intraclass correlations for baseline to task change condition.
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Task

ICC

ICC Significance

AA_3—Mom

.020

.43

AA_6—Mom

.146

.03

AA_9—Mom

-.098

.88

HRSD_3—Mom

.037

.36

HRSD_6—Mom

.021

.40

HRSD_9—Mom

.175

.02

HR_3—Mom

.110

.15

HR_6—Mom

.072

.19

HR_9—Mom

.135

.05

RSA_3—Mom

-.053

.66

RSA_6—Mom

.120

.07

RSA_9—Mom

.265

.001

F3P7_3—Mom

-.012

.54

F3P3_3—Mom

.120

.13

F4P4_3—Mom

.124

.13

F4P8_3—Mom

-.173

.94

F3P7_6—Mom

.203

.006

F3P3_6—Mom

.239

<.001

F4P4_6—Mom

.215

.003

F4P8_6—Mom

.193

.008

F3P7_9—Mom

.389

<.001

F3P3_9—Mom

.393

<.001

F4P4_9—Mom

.438

<.001

F4P8_9—Mom

.380

<.001

Table A3. Intraclass correlations for the task change condition.
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Baseline

p-value

Cohen’s q

AA_3—6

.01

-.272

AA_3—9

.29

-.068

AA_6—9

.05

.190

HRSD_3—6

.41

-.025

HRSD_3—9

.38

-.037

HRSD_6—9

.46

-.012

HR_3—6

.33

.051

HR_3—9

.33

-.052

HR_6—9

.19

-.103

RSA_3—6

.19

-.101

RSA_3—9

.06

-.184

RSA_6—9

.24

-.083

F3P7_3—6

.266

.073

F3P7_3—9

.15

-.126

F3P7_6—9

.04

-.199

F3P3_3—6

.30

-.063

F3P3_3—9

.10

-.155

F3P3_6—9

.21

-.092

F4P4_3—6

.49

-.004

F4P4_3—9

.21

-.097

F4P4_6—9

.21

-.093

F4P8_3—6

.34

-.048

F4P8_3—9

.16

-.121

F4P8_6—9

.26

-.073

Table A4. Fisher R-to-Z t-tests for baseline condition.
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BTC

p-value

Cohen’s q

AA_3—6

.24

-.081

AA_3—9

.37

-.039

AA_6—9

.36

.042

HRSD_3—6

.48

.006

HRSD_3—9

.46

-.012

HRSD_6—9

.44

-.018

HR_3—6

.46

.011

HR_3—9

.002

-.354

HR_6—9

<.001

-.400

RSA_3—6

.07

-.173

RSA_3—9

.07

-.180

RSA_6—9

.48

-.007

F3P7_3—6

.49

.002

F3P7_3—9

.25

-.079

F3P7_6—9

.24

-.081

F3P3_3—6

.36

.043

F3P3_3—9

.38

-.038

F3P3_6—9

.24

-.081

F4P4_3—6

.11

.142

F4P4_3—9

.31

.060

F4P4_6—9

.24

-.082

F4P8_3—6

.27

-.072

F4P8_3—9

.12

-.140

F4P8_6—9

.28

-.068

Table A5. Fisher R-to-Z t-tests for baseline to task change condition.
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Task

p-value

Cohen’s q

AA_3—6

.14

-.127

AA_3—9

.16

.118

AA_6—9

.02

.245

HRSD_3—6

.45

.016

HRSD_3—9

.12

-.140

HRSD_6—9

.09

-.156

HR_3—6

.37

.038

HR_3—9

.42

-.025

HR_6—9

.29

-.064

RSA_3—6

.07

-.174

RSA_3—9

.003

-.325

RSA_6—9

.10

-.151

F3P7_3—6

.031

-.218

F3P7_3—9

<.001

-.423

F3P7_6—9

.04

-.205

F3P3_3—6

.15

-.123

F3P3_3—9

.007

-.295

F3P3_6—9

.07

-.172

F4P4_3—6

.21

-.094

F4P4_3—9

.002

-.345

F4P4_6—9

.02

-.251

F4P8_3—6

<.001

-.370

F4P8_3—9

<.001

-.575

F4P8_6—9

.04

-.205

Table A6. Fisher R-to-Z t-tests for the task condition.
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Baseline

ICC

Fisher
R→Z

p-value

3—Mom

.010

.010

.45

6—Mom

.058

.058

.25

9—Mom

.115

.116

.08

Table A7. Intraclass correlations averaged across each age for baseline condition.

BTC

ICC

Fisher
R→Z

p-value

3—Mom

.018

.018

.41

6—Mom

.033

.033

.34

9—Mom

.114

.114

.09

Table A8. Intraclass correlations averaged across each age for the baseline to task change
condition.

Task

ICC

Fisher
R→Z

p-value

3—Mom

.022

.022

.40

6—Mom

.151

.152

.05

9—Mom

.260

.266

.002

Table A8. Intraclass correlations averaged across each age for task condition.
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BS

p-value

Cohen’s q

36—6

.40

-.031

36—9

.23

-.089

6—9

.31

-.057

Table A9. Fisher R-to-Z t-tests for averaged intraclass correlations during the baseline condition.

BTC

p-value

Cohen’s q

36—6

.45

-.015

36—9

.21

-.096

6—9

.24

-.081

Table A10. Fisher R-to-Z t-tests for averaged intraclass correlations during the baseline to task
change condition.

Task

p-value

Cohen’s q

36—6

.13

-.130

36—9

.02

-.244

6—9

.16

-.114

Table A11. Fisher R-to-Z t-tests for averaged intraclass correlations during the task change
condition.
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